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A b s t r a c t 
The r e s u l t s are presented of an i n v e s t i g a t i o n i n t o the 
f l u x of cosmic r a y muons underground a t a depth of 7500 m.w.e. 
i n the Kolar Gold F i e l d s , South I n d i a . 
Muons from the decay of pions produced i n the f i r s t 
high energy i n t e r a c t i o n s of ene r g e t i c cosmic r a y s i n the upper 
atmosphere were observed to a r r i v e from d i r e c t i o n s c l o s e to the 
v e r t i c a l . The angular d i s t r i b u t i o n , d e p t h - i n t e n s i t y r e l a t i o n 
and electromagnetic i n t e r a c t i o n products of the muons are dis c u s s e d 
and conclusions are drawn about the behaviour of these c h a r a c t e r -
i s t i c s at very great depths. 
An examination i s made of the way i n which muons loose 
energy i n various media and from t h i s study the range-energy 
r e l a t i o n s for muons i n standard rock and sea water a r e constructed. 
A comparison of recent underwater and underground measurements 
at depths down to 1500 m.w.e. i s made and i t i s shown that the 
sea l e v e l energy s p e c t r a derived from measurements under the two 
types of media are n e a r l y i d e n t i c a l and c l o s e to the spectrxim 
given by Osborne et a l . (196*0. 
At angles c l o s e to the h o r i z o n t a l , muons were detected i n 
the underground l a b o r a t o r y from the i n t e r a c t i o n s of neutrinos with 
nucleons i n the surrounding rock w a l l . D e f i n i t e evidence was 
obtained, by means of a v i s u a l neon f l a s h tube technique, th a t the 
XX 
neutrino i n t e r a c t i o n s are mainly n o n - e l a s t i c i n c h a r a c t e r , and 
that the r a t e of muons observed agrees w e l l with theory, though 
on the p r e s e n t l y a v a i l a b l e s t a t i s t i c s i t i s not p o s s i b l e to decide 
whether or not the r o l e played by the t h e o r e t i c a l l y p r e d i c t e d 
intermediate boson i s s i g n i f i c a n t . 
The r e s u l t s from comparable experiments are presented, 
and the f u t u r e development and aims of the Kolar Gold F i e l d s 
experiment d i s c u s s e d . 
Preface 
The experimental and a n a l y t i c a l s t u d i e s reported i n t h i s 
t h e s i s were performed by the author i n conjunction with other 
members of an i n t e r n a t i o n a l c o l l a b o r a t i o n team composed of groups 
from the T a t a I n s t i t u t e of Fundamental Research, Bombay; Osaka 
C i t y U n i v e r s i t y , Japan and Durham U n i v e r s i t y . The author was a 
r e s e a r c h student a t t a c h e d to the Durham group, under the super-
v i s i o n of P r o f e s s o r A.W. Wolfendale, i n the period August 1964 
to September 1967 during which time he spent 18 months i n the 
Kolar Gold F i e l d s , South I n d i a , the s i t e of the experimental 
work. 
R e l i e v i n g a Durham colleague i n the Summer of 1964, the 
author helped to b r i n g an e a r l i e r experiment to a s a t i s f a c t o r y 
c o n c l u s i o n . T h i s work, reported by Achar et a l . (1965a, b) and 
Creed et a l . (1965) confirmed the cosmic r a y muon d e p t h - i n t e n s i t y 
measurements made by Miyake et a l . (1964a) and provided new 
information on the electromagnetic accompaniment of muons by the 
use of neon f l a s h tube d e t e c t o r s . B r i e f d e t a i l s of the experiment 
are given here, p a r t i c u l a r r e f e r e n c e being given to the a n a l y s i s 
of the electromagnetic accompaniment. 
Wh i l s t i n Durham the author made a study of energy l o s s 
mechanisms, g i v i n g c l o s e a t t e n t i o n to the apparent discrepancy 
between muon i n t e n s i t y measurements under rock and water. I t i s 
reported here, and a l s o by Creed and Wolfendale ( 1 9 6 ? ) t t h a t the 
apparent d i f f e r e n c e s i n measurements under the two media are due 
to n o r m a l i s a t i o n procedures, and tha t when taken with a s u i t a b l e 
range-energy r e l a t i o n , derived from the muon energy l o s s c u r v e s , 
the s e a l e v e l muon energy s p e c t r a estimated from the two s e t s of 
i n t e n s i t y measurements for the d i f f e r e n t media a r e i n c l o s e 
agreement. 
S i n c e the s t a r t of the K.G.F. neutrino experiment i n 
January 1965 the author has been r e s p o n s i b l e f or the i n s t a l l a t i o n 
of the major part of the neon f l a s h tube detectors, and t h e i r 
a s s o c i a t e d o p t i c s and e l e c t r o n i c s , i n the seven t e l e s c o p e s b u i l t . 
W hilst i n the Kolar Gold F i e l d s he was r e s p o n s i b l e f or the d a i l y 
running of the f l a s h tube detectors and f o r the a n a l y s i s of the 
photographic r e c o r d s . 
R e s u l t s from the K.G.F. neutrino experiment have been 
published by Achar et a l . (1965c,d,e,f) and Menon et a l . (1966a ,b 
1 9 6 7 a ,b). The present experiment brings these r e p o r t s up to date 
and compares the experiment with s i m i l a r s t u d i e s reported a t the 
10th I n t e r n a t i o n a l Cosmic Ray Conference i n Cal g a r y . 
Chapter 1 
INTRODUCTION. 
The s t u d y o f cosmic r a d i a t i o n has added c o n s i d e r a b l y t o 
our knowledge o f the s t r u c t u r e o f t h e atomic nucleus and has been 
i n s t r u m e n t a l i n t h e d i s c o v e r y of many new fundamental p a r t i c l e s . 
B e g i n n i n g w i t h t h e o b s e r v a t i o n s made i n t h e 1900s t h a t t h e charge 
on an e l e c t r o s c o p e g r a d u a l l y l e a k e d away a t a r a t e t h a t c o u l d not 
be e n t i r e l y e x p l a i n e d by background r a d i o a c t i v i t y , and t h a t t h e 
degree o f i o n i s a t i o n w i t h i n an i o n i s a t i o n chamber i n c r e a s e d w i t h 
h e i g h t above about 2000 m e t r e s , i t became c l e a r t h a t an i o n i s i n g 
r a d i a t i o n was e n t e r i n g t h e E a r t h from o u t s i d e the atmosphere. 
I n t h e l a s t f i f t y years many advances i n t h e u n d e r s t a n d i n g of 
t h i s r a d i a t i o n have been made, but t h e problems s t i l l t o be 
s o l v e d a r e c o n s i d e r a b l e . 
The p r i m a r y cosmic r a d i a t i o n i n c i d e n t on the E a r t h ' s 
atmosphere i s known t o c o n s i s t m a i n l y o f p r o t o n s and he l i u m 
n u c l e i w i t h a s m a l l a d m i x t u r e of h e a v i e r n u c l e i o f mass up t o , 
and p o s s i b l y exceeding t h a t o f uranium, as w e l l as a low f l u x of 
p r i m a r y e l e c t r o n s . I n a d d i t i o n t h e r e i s t h o u g h t t o be a f l u x of 
n e u t r i n o s and X- and y - r a y s , though q u a n t i t a t i v e measurements on 
these components are d i f f i c u l t t o make. Above an energy of a few 
GeV t h e o r i g i n o f t h e r a d i a t i o n i s u n c e r t a i n , but t h e v e r y h i g h 
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e n e r g i e s t h a t have been observed i n d i c a t e t h a t a s u b s t a n t i a l p a r t 
i s o f g a l a c t i c and even e x t r a - g a l a c t i c o r i g i n . The h i g h energy 
processes i n h e r e n t i n supernovae and g a l a c t i c n u c l e i g i v e r i s e t o 
the b e l i e f t h a t t h e y may c o n s t i t u t e a t l e a s t p a r t i a l s o u r c e s , w h i l s t 
t h e r e c e n t d i s c o v e r y of o t h e r e n e r g e t i c c e l e s t i a l o b j e c t s , such as 
quasars, has opened s p e c u l a t i o n on new modes of p r o d u c t i o n . On t h e 
o t h e r hand, some of t h e low energy component comes from t h e Sun and, 
i f charged and of s u f f i c i e n t l y low energy, e n t e r s t h e E a r t h ' s 
atmosphere a f t e r a p e r i o d of o s c i l l a t i o n w i t h i n t h e van A l l e n 
r a d i a t i o n b e l t s . The o r i g i n of cosmic r a y s i s reviewed by G i n z b u r g 
and S y r o v a t s k y (1964) . 
On e n t r y i n t o t h e upper atmosphere t h e n u c l e a r a c t i v e 
p a r t i c l e s undergo c o l l i s i o n w i t h a i r n u c l e i w i t h an i n t e r a c t i o n 
i —2 
l e n g t h of about 80 g.cm . High energy cosmic r a y s produce ' j e t s ' 
i n which many pions and a l e s s e r number of kaons, n u c l e o n - a n t i n u c l e o n 
p a i r s and hyperons are produced. The nucleons undergo f u r t h e r 
i n t e r a c t i o n s a t a lower energy deeper i n s i d e t h e atmosphere, w h i l s t 
the p i o n s decay or i n t e r a c t depending on t h e i r h e i g h t s of p r o d u c t i o n , 
r e l a t i v i s t i c l i f e t i m e s and e n e r g i e s . The n e u t r a l pions decay w i t h 
a v e r y s h o r t l i f e t i m e i n t o y-rays which i n i t i a t e h i g h energy 
p h o t o n - e l e c t r o n showers i n t h e atmosphere t h a t may s u r v i v e t o sea 
l e v e l . The kaons and hyperons decay i n t o p i o n s , as w e l l as y - r a y s , 
e l e c t r o n s and n e u t r i n o s , t h r o u g h a v a r i e t y of modes. The decay 
p r o d u c t s of t h e p i o n s : muons and n e u t r i n o s , a l s o c o n t i n u e t o sea 
l e v e l s i n c e t h e y are weakly i n t e r a c t i n g p a r t i c l e s . The cosmic r a y 
3 
f l u x a t sea l e v e l t h u s c o n s i s t s m a i n l y of muons and n e u t r i n o s , 
and s m a l l e r numbers of e l e c t r o n s and y - r a y s , w i t h a v e r y s m a l l 
c o n t a m i n a t i o n of nucleons and p i o n s . The h i g h l y e n e r g e t i c 
p r i m a r i e s generate p h o t o n - e l e c t r o n showers which s u r v i v e t o sea 
l e v e l , w i t h t h e seconda r i e s mentioned, i n t h e form of e x t e n s i v e 
a i r showers (EAS). 
Many experiments i n v e s t i g a t i n g t h e n a t u r e of t h e cosmic 
r a d i a t i o n a t sea l e v e l and a t mountain a l t i t u d e s have been c a r r i e d 
out i n t h e l a s t few decades. A p i c t u r e of t h e p r o p a g a t i o n of t h e 
i n t e r a c t i o n p r o d u c t s of cosmic r a y p r i m a r i e s has been b u i l t up i n 
terms of t h e m u l t i p l i c i t y o f t h e p r o d u c t i o n of s e c o n d a r i e s , t h e 
en e r g i e s t r a n s f e r r e d i n i n t e r a c t i o n s and t h e decay p r o b a b i l i t i e s 
and i n t e r a c t i o n c r o s s - s e c t i o n s of the p a r t i c l e s g e n e r a t e d , and a 
r e a s o n a b l y c l e a r i d e a has been o b t a i n e d of t h e processes i n v o l v e d , 
at l e a s t up t o medium e n e r g i e s . 
Two of t h e more r e c e n t problems t o be i n v e s t i g a t e d were 
those of t h e muon and n e u t r i n o components at v e r y g r e a t depths 
underground. The muons from h i g h l y e n e r g e t i c p r i m a r i e s , c r e a t e d 
as t h e r e s u l t of t h e decay of p i o n s and kaons produced i n t h e 
v e r y f i r s t i n t e r a c t i o n s ('atmospheric' muons), p e n e t r a t e t o g r e a t 
depths i n the E a r t h whereas a l l t h e r e m a i n i n g components, o t h e r 
t h a n t h e n e u t r i n o s , are absorbed i n t h e f i r s t few metres of ground. 
The f l u x o f muons underground had been i n v e s t i g a t e d from t h e 
e a r l i e s t days of cosmic r a y s t u d i e s , and i n c r e a s i n g i n t e r e s t was 
shown i n measuring t h e f l u x a t t h e g r e a t e s t p o s s i b l e depths t o 
throw l i g h t on t h e energy l o s s mechanisms e f f e c t i v e a t h i g h e n e r g i e s , 
and t o i n v e s t i g a t e t h e v e r y e n e r g e t i c end of t h e sea l e v e l muon 
energy spectrum. A d d i t i o n a l l y , i t was expected t h a t t h e f l u x of 
n e u t r i n o s b o t h from the p r i m a r y cosmic r a d i a t i o n and from rauon, 
p i o n and kaon decays s h o u l d produce a s m a l l b u t measurable f l u x 
o f secondary muons and e l e c t r o n s w i t h i n t h e E a r t h , and t h a t a t 
gr e a t depths i t -would be p o s s i b l e t o measure a t l e a s t t h e secondary 
muon f l u x a g a i n s t t h e n a t u r a l r a d i o a c t i v i t y and atmospheric muon 
backgrounds. 
I t i s w i t h these aspects t h a t t h i s work i s concerned. 
Chapter 2 
THE STATUS OF MUON AND NEUTRINO STUDIES. 
2 . 1 Kuons. 
The e x i s t e n c e of mesons was f i r s t p r e d i c t e d by Yukawa 
i n 1935, who i n m o d i f y i n g Fermi's t h e o r y of p-decay, showed t h a t 
t h e exchange p a r t i c l e r e p r e s e n t i n g n u c l e a r f o r c e s must have a 
mass ve r y much g r e a t e r t h a n t h a t of t h e e l e c t r o n which F e r m i had 
assumed a c t e d as t h e m e d i a t o r . A d o p t i n g a wave f u n c t i o n s i m i l a r 
t o S c h r o e d i n g e r ' s e q u a t i o n t o r e p r e s e n t t h e meson, Yukawa used t h e 
i n f o r m a t i o n o b t a i n e d from s c a t t e r i n g e x p e r i m e n t s , t h a t t h e n u c l e a r 
f o r c e decreases a p p r o x i m a t e l y e x p o n e n t i a l l y i n d i s t a n c e s of the 
-13 
order of 2.8 x 10 cm, t o p r e d i c t a mass o f a p p r o x i m a t e l y 150m= 
f o r t h e meson. He assumed t h e meson underwent decay, and i n f o r m -
-8 
a t i o n from £3-decay i n d i c a t e d t h a t i t s l i f e t i m e would be about 10 
seconds. 
I t had l o n g been known t h a t t h e cosmic r a d i a t i o n c o n s i s t e d 
of a s o f t component, soon i d e n t i f i e d as e l e c t r o n s , and a ha r d com-
ponent t h a t d i d n ot f i t t h e c h a r a c t e r i s t i c s of any known p a r t i c l e . 
The d i r e c t d e t e r m i n a t i o n of t h e mass of t h e p e n e t r a t i n g p a r t i c l e s 
by Anderson and Neddermeyer, and i n d e p e n d e n t l y by S t r e e t and 
Stevenson i n the p e r i o d 1936-38, gave a r e s u l t o f t h e orde r of 
200m . These p a r t i c l e s were at f i r s t t h o u g h t t o be Yukawa mesons e 
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s i n c e t h e y were observed t o decay i n t o an e l e c t r o n and, i t was 
assumed, n e u t r i n o s . However t h e i r l i f e t i m e proved t o be 100 t i m e s 
l o n g e r t h a n t h a t p r e d i c t e d , and t h e s t r o n g i n t e r a c t i o n s w i t h m a t t e r , 
e s s e n t i a l t o t h e Yukawa h y p o t h e s i s , were not observed. The d i s c o v e r y 
of another p a r t i c l e i n 19^7, t h e it-meson ( p i o n ) , which had c h a r a c t e r -
i s t i c s t h a t f i t t e d t h e Yukawa p a r t i c l e r e s o l v e d t h e dilemma and 
e s t a b l i s h e d the p.-meson (muon) as a decay p r o d u c t of t h e p i o n . 
e s t a b l i s h e d i n t h e next couple of decades. Other t h a n d i r e c t 
i n v e s t i g a t i o n t h r o u g h the use of a c c e l e r a t o r s , the c h i e f method 
used t o s t u d y muons was t h e i r underground and underwater d e t e c t i o n 
w i t h c l o u d chambers, i o n i s a t i o n c o u n t e r s , Geiger c o u n t e r s and 
s c i n t i l l a t o r s , since' a t depths g r e a t e r t h a n a few tens of f e e t of 
r o c k t h e o n l y r e m a i n i n g components of t h e cosmic r a d i a t i o n a t 
s u r f a c e are muons, n e u t r i n o s and t h e i r s e c o n d a r i e s . 
The c h a r a c t e r i s t i c s o f the muon l i s t e d i n t a b l e 2 . 1 were 
Table 2 . 1 Basic P r o p e r t i e s of t h e Muon. 
Mass 
Charge 
(206.768 + 0.003)m 
— e 
(1.00000 + O.O 00005 )e 
L i f e t i m e (2.212 + 0.001)10 sec . 
S p i n 2 
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2 . 1 . 1 Underground E x p e r i m e n t s . 
Work by e a r l y underground e x p e r i m e n t e r s y i e l d e d some 
u s e f u l r e s u l t s . D e t e r m i n a t i o n of the a b s o l u t e r a t e of muons a t 
v a r i o u s depths enabled t h e sea l e v e l muon spectrum t o be c a l c u l a t e d 
i f an energy l o s s r e l a t i o n was assumed. The d e r i v e d sea l e v e l 
spectrum c o u l d be checked a g a i n s t t h a t measured d i r e c t l y by 
magnetic s p e c t r o g r a p h s up t o en e r g i e s of t h e ord e r of 10^ GeV and 
used t o extend t h e knowledge of t h e spectrum beyond these e n e r g i e s . 
The muon spectrum threw l i g h t on t h e mode of p r o p a g a t i o n of a i r 
showers i n t h e atmosphere, and an t h e p r i m a r y cosmic r a d i a t i o n 
i n c i d e n t on t h e tov of t h e atmosphere. 
However t h e r e were s e v e r a l d i f f i c u l t i e s a s s o c i a t e d v/i t h 
f i n d i n g an a c c u r a t e d e p t h - i n t e n s i t y r e l a t i o n f o r muons. The muons 
were always accompanied by a s o f t component c o n s i s t i n g of low energy 
e l e c t r o n s which c o u l d g i v e r i s e t o s p u r i o u s c o u n t s . The i n t r o d u c t i o n 
of l a y e r s of absorber w i t h i n the d e t e c t o r s h e l p e d t o reduce t h i s 
e f f e c t , b ut w i t h o u t t h e use of v i s u a l d e t e c t o r s t h e r e was always 
t h e p o s s i b i l i t y of r e c o r d i n g a h i g h e r r a t e t h a n a c t u a l l y e x i s t e d . 
To o b t a i n a v e r t i c a l i n t e n s i t y from a measured r a t e t h e 
a n g u l a r d i s t r i b u t i o n of t h e muons had t o be known, u n l e s s t h e 
d e t e c t o r was c o l l i m a t e d and observed o n l y muons a r r i v i n g from near 
v e r t i c a l d i r e c t i o n s . T h i s became p a r t i c u l a r l y i m p o r t a n t a t g r e a t 
depths where d e t e c t o r a p e r t u r e s had t o be l a r g e t o observe a 
rea s o n a b l e r a t e . Geiger hodoscopes were used, but i d e a l l y v i s u a l 
d e t e c t o r s were needed. A d d i t i o n a l l y , a c c u r a t e measurements had t o 
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be made of the nature and extent of the overburden above the 
detector s . I n many cases the exact chemical composition and 
amount of a l l the rocks v/it h i n the overburden was not established, 
and only approximate allowances were made f o r the surface topography. 
I n order t o compare i n t e n s i t i e s measured under d i f f e r e n t 
m a t e r i a l s the concept of 'metres water equivalent' (m.v/.e.) was 
adopted, which i n i t i a l l y was the depth of experimentation i n metres 
times the mean density of the overburden. I t was r e a l i s e d l a t e r 
t h a t the energy loss of rnuons was a complicated f u n c t i o n of the 
atomic weight, A, and atomic number, Z, of an absorber and t h a t 
d i r e c t comparison of i n t e n s i t i e s at depths expressed i n m.w.e. 
was not possible. As a r e s u l t a 'standard rock' was assumed w i t h 
Z = 11, A = 22 and density = 2.65 g.cm-^, so t h a t a genuine 
comparison could be made. 
Despite these d i f f i c u l t i e s u s e f u l r e s u l t s were gathered 
and the sea l e v e l muon spectrum defined out to energies of the 
order of 2000 GeV, corresponding t o depths of about 3500 m.v/.e. 
I t was r e a l i s e d t h a t errors in. the estimation of muon energy losses 
through nuclear i n t e r a c t i o n s and e l e c t r o n p a i r production, as w e l l 
as e r r o r s from the e f f e c t of f l u c t u a t i o n s i n the t o t a l energy loss 
would introduce an increasing inaccuracy i n t o the derived muon 
spectrum at high energies. This necessitated an i n v e s t i g a t i o n 
i n t o the electromagnetic i n t e r a c t i o n s of muons at various depths 
to uncover any anomalies and t o check the t o t a l r a te of accompaniment 
of muons by a s o f t component against t h a t expected from the proposed 
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underground spectrum. 
Recently, experiments were proposed t o i n v e s t i g a t e the 
muons produced from neutrino-nucleon i n t e r a c t i o n s i n rock, and 
to d i s t i n g u i s h these muons from the remnant atmospheric muons, 
even at very great depths, r e q u i r e d an accurate knowledge of the 
angular d i s t r i b u t i o n and i n t e n s i t y of atmospheric muons dovm to 
depths i n the region of 9000 m.w.e. 
Since the review a r t i c l e by B a r r e t t et a l . ( 1 9 5 2 ) , a 
number of experiments have been reported. Results from experiments 
performed at depths greater than J000 m.w.e. are discussed i n 
chapter k where the best estimate of the d e p t h - i n t e n s i t y r e l a t i o n 
under standard rock i s derived f o r depths between 3000 and 9000 m.w.e. 
The work of Higashi et a l . (1966) on muon i n t e n s i t i e s under sea 
water i s also examined i n chapter 4, and i t i s concluded t h a t there 
i s no s i g n i f i c a n t d i f f e r e n c e between underwater and under rock 
measurements down t o a depth of 1500 m.w.e. Comparative studies 
under d i f f e r e n t types of absorber, p a r t i c u l a r l y sea water and Kolar 
rock should, i n theory, enable the energy loss components t o be 
evaluated at high energies. This aspect of underground work i s 
discussed i n the same chapter. 
Of the more recent experiments those of Miyake et a l . 
(196*ia) and Achar et a l . (1965a) are probably the most s i g n i f i c a n t . 
Working i n the Kolar Gold F i e l d s , both teams established the depth-
i n t e n s i t y r e l a t i o n of cosmic ray muons t o greater depths than had 
pre v i o u s l y been achieved. The e a r l i e r work did not include the 
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use of v i s u a l detectors and as a r e s u l t s u f f e r e d from some of the 
u n c e r t a i n t i e s already mentioned. The l a t e r work by Achar et a l . 
confirmed the f i n d i n g s of Miyake et a l . by the use of neon f l a s h 
tubes t o examine the angular dependence and electromagnetic 
i n t e r a c t i o n s of the rauons, as well as paving the way f o r the Kolar 
Gold F i e l d s neutrino experiment which used s i m i l a r detectors. 
The KGF neutrino experiment, which i s the main subject 
of discussion i n t h i s work, although p r i m a r i l y designed to detect 
the muons produced by n e u t r i n o i n t e r a c t i o n s has a considerable 
aperture f o r atmospheric muons a r r i v i n g from between 1 5 ° and 5 0 ° 
p r o j e c t e d z e n i t h angle. At the great depth at which the experiment 
i s s i t e d , 7500 m.w.e., the atmopheric muons recorded come from the 
decay of pions produced i n the upper atmosphere by the very f i r s t 
i n t e r a c t i o n s of high energy primar i e s , and since the apparatus can 
detect any gross anomaly i n r a t e , d i r e c t i o n or energy (the l a t t e r 
through the degree of electromagnetic i n t e r a c t i o n s and s c a t t e r of 
the muons i n the lead absorbers), of the atmopheric muons, i t can 
give valuable i n f o r m a t i o n about the primary spectrum and the 
character of high energy i n t e r a c t i o n s , as w e l l as g i v i n g the most 
accurate assessment of the v e r t i c a l muon i n t e n s i t y yet obtained at 
comparable depths. 
2 .2 Neutrinos: A H i s t o r i c a l Review 
F i r s t postulated by P a u l i i n 1932 so that the concepts of 
momentum and spin conservation might hold i n 3-decay, the idea of 
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the n e u t r i n o was soon incorporated i n t o Fermi's theory of weak 
i n t e r a c t i o n s which s u c c e s s f u l l y explained the shape of the e l e c t r o n 
energy spectrum emitted by an element undergoing (3-decay. I t was 
supposed t h a t neutrinos e x i s t e d as p a r t i c l e s and a n t i - p a r t i c l e s and 
examination of the end point of the beta energy spectrum suggested 
that neutrinos should have a very s m a l l , i f not zero mass. Discovery 
of the muon i n the l a t e 1930s and an examination of i t s i n t e r a c t i o n 
c h a r a c t e r i s t i c s lead t o the conclusion t h a t along w i t h the ele c t r o n 
and n e u t r i n o i t underwent weak i n t e r a c t i o n s as predicted by the 
un i v e r s a l Fermi i n t e r a c t i o n . The theory of weak i n t e r a c t i o n s remained 
e s s e n t i a l l y the same u n t i l the existence of p a r i t y non-conservation 
was confirmed by the observations of Wu et a l . on the asymmetric 
production of beta rays from C o ^ i n 1957. 
E a r l i e r , i n 1953» Reines and Cowan working w i t h the 
Savannah River reactor made the f i r s t observation of the absorption 
of neutrinos by n u c l e i , g i v i n g the n e u t r i n o f u l l status as a 
fundamental p a r t i c l e . They found an i n t e r a c t i o n cross-section of 
-kk 2 
approximately 10 cm at a neutrino energy of 1 MeV, i n accordance 
wit h the p r e d i c t i o n s of the u n i v e r s a l Fermi i n t e r a c t i o n . 
The present form of the weak i n t e r a c t i o n theory was 
developed by Feynman and Gell-Mann i n 1958. Describing the weak 
i n t e r a c t i o n s i n terms of vector and a x i a l vector coupling, the 
V - A theory proposed four types of n e u t r i n o s , p a r t i c l e and a n t i -
p a r t i c l e each associated w i t h the e l e c t r o n (v « v ) o r the inuon 
e e 
(N> , V ) . Successfully describing 3-decay, muon decay and 
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absorption, and the branching r a t i o of the pion i n t o an e l e c t r o n 
and a ne u t r i n o or a muon and a n e u t r i n o , the theory met w i t h 
d i f f i c u l t i e s at high momentum t r a n s f e r s . For example, the e f f e c t i v e 
i n t e r a c t i o n Lagrangian which accounts f o r muon decay: 
u + -> e + + » e + ^ 
represents the i n t e r a c t i o n 
of four fermions at a sin g l e space-time po i n t and p r e d i c t s a 
cross-section f o r , say, 
— + — + 
\> + e —» S> + u 
th a t increases \ ^ i t h the 
square of the c.n.s. momentum. A c o n f l i c t w i t h the u n i t a r i t y 
l i m i t of the cross-section (X/871) i s reached at an energy of 
about 300 GeV. From t h i s i t follox^s t h a t there must be an a l t e r -
native mechanism t h a t comes i n t o operation w e l l before an energy of 
300 GeV. To remove the obstacle t h a t the i n t e r a c t i o n takes place 
at a s i n g l e space-time point the intermediate vector boson was 
introduced w i t h a r o l e s i m i l a r t o t h a t of the photon i n e l e c t r o -
magnetic i n t e r a c t i o n s . The i n t r o d u c t i o n of t h i s n o n - l o c a l i t y a t 
high energies and the f a c t t h a t the mediating p a r t i c l e must appear 
v i r t u a l l y , ensured a large amplitude f o r the r e a c t i o n : 
u -» e + y 
but t h i s was not observed 
experimentally. T.D. Lee argued t h a t t h i s was explained by a 
s e l e c t i o n r u l e and t h a t the only one consistent w i t h a l l the known 
fa c t s about muon decay was the two neutrin o hypothesis: 
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TC —» u + s > , n —> e + \) and >o / \> . 
V1 e y, r e 
The d i f f i c u l t i e s inherent i n observing weak i n t e r a c t i o n s 
at high energies against the background of strong and electromagnetic 
i n t e r a c t i o n s were overcome by using neutrinos as bombarding 
p a r t i c l e s f o l l o w i n g suggestions made independently by M.Schwartz 
and B. Pont&corvo. Studies of the e x i s t i n g accelerators showed 
t h a t they were capable of y i e l d i n g s u f f i c i e n t i n t e n s i t i e s of 
neutrinos t o observe t h e i r weak i n t e r a c t i o n s a t energies of the 
order of 1 GeV. 
The f i r s t experiment demonstrating the separate existence 
of e l e c t r o n and muon neutrinos was c a r r i e d out i n 1962 by Danby 
et a l . a t the Brookhaven N a t i o n a l Laboratory. The r e s u l t s gave 
strong support t o the two n e u t r i n o theory. Subsequent experiments 
at CERK using an energy spectrum of neutrinos c a l c u l a t e d t o be 
peaked at a value below 1 GeV and extending e f f e c t i v e l y up t o the 
region of 10 GeV confirmed t h i s r e s u l t and i n v e s t i g a t e d the nature 
of the e l a s t i c and i n e l a s t i c i n t e r a c t i o n cross-sections f o r n e u t r i n o -
nucleon c o l l i s i o n s . No clear evidence f o r the intermediate boson (V/) 
was found, the lower l i m i t t o i t s mass m being set at about 2 GeV 
w 
depending on the branching r a t i o of the W through l e p t o n i c or non-
l e p t o n i c modes. (Bernardini et a l . 1965 ) . The n e u t r i n o f l i p 
hypothesis was found t o be f a l s e w i t h 90% c e r t a i n t y , confirming the 
non-interchange of the e l e c t r o n and muon associated n e u t r i n o s . Some 
of the experimentally determined p r o p e r t i e s of neutrinos are l i s t e d 
i n t a b l e 2 . 2 . 
Ik 
Table 2.2 Basic Properties of Neutrinos 
E l e c t r o n n e u t r i n o Muon ne u t r i n o 
Mass <0.2 KeV < | MeV 
<5 x 10"6e Charge < 10 19 
Spin •g- i f m = 0 1 i f ra = 0 
H e l i c i t y >0.95 >0.8o 
The behaviour of weak i n t e r a c t i o n s at high energies could 
only be i n v e s t i g a t e d up t o a few GeV at CERN and Brookhaven w i t h 
the e x i s t i n g experimental arrangements. Within the next few years 
the p a r t i c l e i n t e n s i t i e s w i l l be r a i s e d by a f a c t o r of up t o 100, 
but t h i s w i l l be the probable l i m i t of these machines. B e t t e r 
s t a t i s t i c s w i l l be a v a i l a b l e f o r i n t e n s i t i e s up to 10 GeV, but i t 
w i l l not be u n t i l the next generation of machines i s b u i l t t h a t 
mean ne u t r i n o energies of about 20 GeV w i t h maximum energies of 
100 GeV w i l l be a v a i l a b l e . W i t h i n 8 months the Sherpukhov acceler-
ator w i l l r a i s e the maximum a v a i l a b l e proton energy t o 70 GeV from 
i t s present l i m i t of JO GeV, and the design study by the Lawrence 
Radiation Laboratory f o r a 200 GeV machine should give the neutrino 
energies mentioned w i t h i n s i x years. 
made by using the neutrinos from pion, kaon and muon decay i n the 
atmosphere. Because of the very low cross-sections even at high 
energies, assuming no resonance i n t e r a c t i o n s , the Earth i s 
However, an i n v e s t i g a t i o n of weak i n t e r a c t i o n s can be 
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e f f e c t i v e l y transparent t o neutrinos and at any point underground 
the f l u x of neutrinos i s roughly i s o t r o p i c . The i n t e r a c t i o n of 
neutrinos of atmospheric o r i g i n w i t h i n the Earth's crust w i l l 
produce a very low f l u x of muons and el e c t r o n s , but as pointed out 
by Markov and Zheleznykh (1961), the muons produced w i l l t r a v e l 
considerable distances and there w i l l be an e f f e c t i v e t a r g e t 
thickness of rock surrounding the detector t h a t i s equal t o 
the range of the muons i n rock. Compensation f o r the f a l l i n g 
n e utrino i n t e n s i t y at high energies i s gained from the increased 
range of the muons i n rock, and i t was thought t h a t i t should be 
possible t o measure the ra t e of muons from neutrino i n t e r a c t i o n s , 
though i t was u n l i k e l y t h a t the i n t e r a c t i o n s themselves would occur 
w i t h i n the d e t e c t i n g apparatus. 
Following the work of Miyake et a l . (196M who reported 
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no events from two v e r t i c a l muon telescopes each of 1.5 m area 
at a depth of 9200 f t . below ground i n 60 days of operation, i t 
became clear t h a t i t was possible t o operate s u c c e s s f u l l y detectors 
at a depth where the neutrino-induced muon i n t e n s i t y was of the 
same order of magnitude as the r e s i d u a l muon i n t e n s i t y from the 
atmosphere. Two experiments were s t a r t e d i n l a t e 196^ and e a r l y 
1965. One, the Johannesburg experiment, was s i t e d i n the East Rand 
P r o p r i e t a r y Mines, South A f r i c a and was run by a group from the 
Case I n s t i t u t e , Ohio and Witwatersrand U n i v e r s i t y . (Reines et a l . 
19D5). The other, the KGF experiment, was s i t e d i n the Kolar Gold 
F i e l d s , Southern I n d i a and was run j o i n t l y by groups from the Tata 
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I n s t i t u t e of Fundamental Research, Bombay (TIFR) , Osaka C i t y 
U n i v e r s i t y , Japan and Durham U n i v e r s i t y . (Achar et a l . 1965e ) . 
The author i s a member of t h i s l a s t group. 
2.J Present Underground Experiments 
The Johannesburg experiment i s s i t e d at a depth of 
85OO m.w.e. standard rock and uses tanks of mineral o i l based 
l i q u i d s c i n t i l l a t o r stacked i n two p a r a l l e l v e r t i c a l w a l ls as 
the primary detectors. Each tank i s 56 cm h i g h , 12 .7 cm t h i c k 
and 5«5 ra long and i s viewed by four f i v e inch phot©multipliers. 
The w a l l s , separated by 1.8 m, are three tanks high and, f o r the 
i n i t i a l stages of the experiment, were s i x tanks long. The t h i c k -
ness of the tanks ensures t h a t a minimum i o n i s i n g muon t r a v e r s i n g 
a s i n g l e tank must deposit at l e a s t 20 MeV i n the s c i n t i l l a t o r , 
which i s w e l l above the energies of the n a t u r a l r a d i o a c t i v e 
processes. The arrangement gives a maximum aperture i n the horizon-
t a l d i r e c t i o n where the neutr i n o f l u x i s peaked by a f a c t o r of about 
two over the v e r t i c a l f l u x , and minimum aperture i n the v e r t i c a l 
d i r e c t i o n where any r e s i d u a l atmospheric muons might be expected 
to be seen. Pulse height analysis of the p h o t o m u l t i p l i e r outputs 
in d i c a t e s the energy deposition of the rnuon, and i f i t traverses a 
tank i n each w a l l the azimuth angle can be estimated. To date 
several categories of event have been observed, a f u l l discussion 
of the l a t e s t a v a i l a b l e r e s u l t s from the experiment i s given i n 
chapter 6. Undoubtedly muons from n e u t r i n o i n t e r a c t i o n s have been 
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recorded, but the i n t e r p r e t a t i o n of some of the more complex 
coincidences i n v o l v i n g two or more adjacent tanks i n the same w a l l 
i s d i f f i c u l t . 
Some of the d i f f i c u l t i e s of i n t e r p r e t a t i o n a r e overcome 
i n the KGF experiment by the use of v i s u a l detectors as w e l l as 
s c i n t i l l a t o r elements. Using two v e r t i c a l w a l l s of p l a s t i c 
s c i n t i l l a t o r 5 cm t h i c k , 3 m high and 2 m long with a se p a r a t i o n 
of 85 cm, as primary d e t e c t o r s , w a l l s of l e a d and neon f l a s h tubes 
are p o s i t i o n e d between the s c i n t i l l a t o r s to give v i s u a l evidence 
of the t r a c k s of p a r t i c l e s t r a v e r s i n g the apparatus and information 
on any i n t e r a c t i o n s o c c u r r i n g w i t h i n the l e a d w a l l s . A d e s c r i p t i o n 
of the i n i t i a l and subsequent phases of the experiment i s given i n 
chapters 3 a n d 7, but the shallower depth, 7500 m.w.e. standard 
rock, at which the experiment i s s i t e d gives r i s e to the detection 
of a l a r g e number of atmospheric muons. 
Re c e n t l y , an experiment has been i n i t i a t e d by members of 
the U n i v e r s i t y of Utah to i n v e s t i g a t e the i n t e r a c t i o n s of neutrinos 
with a detector bulk of 2000 tons i n c o r p o r a t i n g a novel type of 
c y l i n d r i c a l spark counter. (Bergeson et a l . 1965). Although 
s i t u a t e d a t a depth of about 1500 m.w.e. the sense of t r a v e l of 
a p a r t i c l e i s determined i n the most favorable case by four 
independent Cerenkov measurements and three time of f l i g h t 
measurements a l l o w i n g upward t r a v e l l i n g neutrino secondaries to 
be d i s t i n g u i s h e d . Track l o c a t i o n i s made w i t h i n the spark counters 
by a s o n i c technique g i v i n g an accuracy of 3 EW along the length 
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of the counter. The counter arrangement, described w i t h the l a t e s t 
r e s u l t s from the experiment i n chapter 6, gives an angular r e s o l u -
t i o n of about 10 ^ steradians. 
Experiments of the type described should give valuable 
i n f o r m a t i o n about absolute rates of neutrino-induced muons 
underground which w i l l allow some estimate t o be made of the domin-
ant mode and character of neutrino-nucleon i n t e r a c t i o n s i f the f l u x 
of neutrinos generated i n the atmosphere from ration, pion and kaon 
decays i s known t o a reasonable accuracy. The problem of the atmos 
pheric n e u t r i n o f l u x has been studied by Gowsik et a l . (1966) and 
Osborne et a l . (1965) and i t appears t h a t t h e i r estimates do not 
d i f f e r g r e a t l y . 
The a r r i v a l times and d i r e c t i o n s of muons r e f l e c t the 
o r i g i n a l d i r e c t i o n s of the muon i n i t i a t i n g n e u t r i n o s , and the 
apparent n e u t r i n o o r i g i n s can be examined on the c e l e s t i a l sphere 
f o r any anisotropy, since there may be a low f l u x of muon neutrinos 
from some c e l e s t i a l objects. This form of 'neutrino astronomy' 
i s more l i k e l y t o be productive when the experiment i s designed t o 
detect electrons r e s u l t i n g from low energy e l e c t r o n neutrino i n t e r -
a c t i o n s , since a large number of e l e c t r o n neutrinos are generated 
i n the Sun and other s t a r s . An experiment of t h i s type, i n i t i a t e d 
by Davis (lyGh) , t o detect the inverse ;3-decay caused by low energy 
e l e c t r o n neutrinos i n a large volume of det e c t o r , has already put 
an upper l i m i t on the Sun's c e n t r a l temperature of 18 x 10^ °K by 
an estimate of the upper l i m i t of the e l e c t r o n neutrino f l u x from 
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the Sun. (Kocharov 1965). However, i t must be made clear that 
the present work deals p r i m a r i l y w i t h the muon induced component 
from n e u t r i n o i n t e r a c t i o n s of the type: 
N> + p —» n + p.+ and s> + n —* p + u 
Inforraation on the energy of muons t r a v e r s i n g detectors 
can be gained from a study of the s c a t t e r i n g i n an absorber and 
from the r a t e of accompaniment by a s o f t component produced i n 
the rock or absorber w a l l s . These aspects are examined i n chapters 
3 and 8. A more d i r e c t method i s t o put large volumes of magnetised 
i r o n w i t h i n the detectors and measure the d e f l e c t i o n of the muons. 
This approach has been used r e c e n t l y by the KGF group w i t h the 
i n t r o d u c t i o n of two lk k.gauss magnets underground and has been 
adopted by the Utah group who are i n c o r p o r a t i n g magnets i n t h e i r 
detector. I t i s hoped tha t the maximum detectable momentum of 
the KGF spectrographs w i l l be 20-30 GeV/c which w i l l allow, w i t h 
s u f f i c i e n t exposure time, an estimate t o be made of the n e u t r i n o -
induced muon energy spectrum, a v i t a l piece of info r m a t i o n needed 
for the i n t e r p r e t a t i o n of the t o t a l r a t e of events. A discussion 
of the KGF spectrographs i s given i n chapter 7. 
I t i s apparent that the type of experiment described above 
has an e f f e c t i v e r o l e t o play i n the advancement of our knowledge 
of weak i n t e r a c t i o n s w h i l s t the new generation of accelerators i s 
under c o n s t r u c t i o n . Whether they w i l l continue i n t h e i r usefulness 
once accelerators can produce ne u t r i n o energies of up t o 100 GeV 
depends on the discoveries made i n the f i e l d of weak i n t e r a c t i o n s 
and i n the new subject of neutrino astronomy. 
Chapter 3 
ELECTROMAGNETIC INTERACTIONS UNDERGROUND 
3.1 I n t r o d u c t i o n 
An experiment using v i s u a l detectors f o r the f i r s t time 
at great depths underground was c a r r i e d out i n 1964 by a combined 
group from TIFR and Durham U n i v e r s i t y . (Achar et a l . 1965a,b). 
This experiment, s i t e d i n the Kolar Gold F i e l d s , Southern I n d i a , 
was followed by the KGF neutrino experiment, as mentioned i n 
chapter 2. Both experiments have y i e l d e d data on the accompaniment 
of muons by secondaries, and the production of secondaries w i t h i n 
detectors, through the use of neon f l a s h tubes. I t i s the analysis 
of t h i s data which i s discussed i n t h i s chapter. 
3.2 The J o i n t TIFR-Durham Experiment 
A f u l l account of t h i s experiment has been given by 
Pat t i s o n (I965) and only a b r i e f o u t l i n e of the experimental 
arrangement w i l l be given here. Figure 3«1 i s a diagram of the 
apparatus used. T\vo such u n i t s were operated consecutively at a 
depth of 8l6 m.w.e. and simultaneously at depths of l 8 l 2 m.w.e. 
and hlOO m.w.e. ( A l l depths are f o r KGF rock w i t h Z2/A = 6.29). 
The coincidence requirements demanded a f o u r f o l d coincidence 
between a pvilse from the Geiger counters (each of s e n s i t i v e 
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l e n g t h 111 cm and diameter 10.6 cm) and pulses from the three 
p h o t o m u l t i p l i e r s viewing the 1 m square s c i n t i l l a t o r , w i t h i n a 
h ]xs r e s o l v i n g time. The two sets of four layers of neon f l a s h 
tubes (each 111 cm long and of 1.8 cm ex t e r n a l diameter) were 
pulsed a f t e r each coincidence and the events photographed through 
a m i r r o r system. A lead l a y e r , 5 cm t h i c k , was placed between the 
two sets of f l a s h tubes. 
I t was found t h a t the f l a s h tube records could be divided 
i n t o two groups: those t h a t could be i n t e r p r e t e d as the r e s u l t of 
electromagnetic i n t e r a c t i o n s and those showing clear evidence of 
more than one pene t r a t i n g p a r t i c l e . 
3.2.1 M u l t i p l e P e netrating P a r t i c l e s 
An analysis of the m u l t i p l e p e n e t r a t i n g p a r t i c l e events 
(MPP) was made by Creed et a l . (1965) who attempted t o account 
f o r the observed number of double p a r t i c l e s on the assumption 
tha t they o r i g i n a t e d i n EAS as double muons, and that pion-muon 
p a i r s were generated by nuclear i n t e r a c t i o n s of the muons i n rock. 
The EAS c o n t r i b u t i o n \J&S derived using an adaptation of the simple 
model of Brooke et a l . (1964) f o r the propagation through the 
atmosphere of the various components r e s u l t i n g from primary 
protons. The model enabled the p r o b a b i l i t y of two muons f a l l i n g 
2 
w i t h i n the d e t e c t i n g area of 1.1 m per u n i t t o be c a l c u l a t e d . 
A check of the method was made by computing the expected v e r t i c a l 
i n t e n s i t i e s at the three depths of operation and comparing the 
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v a l u e s w i t h the observed i n t e n s i t i e s . A good agreement was fou n d . 
The c o n t r i b u t i o n t o MPP from n u c l e a r i n t e r a c t i o n s o f 
muons was c a l c u l a t e d by u s i n g t h e c r o s s - s e c t i o n s f o r shower 
p r o d u c t i o n a t t h e r e l e v a n t depths t a k e n from t h e r e v i e w by Fowler 
and W o l f e n d a l e (1958) and i t was assumed t h a t most of t h e energy 
l o s t by t h e muon went i n t o t h e p r o d u c t i o n o f a s i n g l e p i o n . 
The p r o b a b i l i t y o f two muons from an a i r shower f a l l i n g 
w i t h i n t h e d e t e c t i n g area added t o t h e p r o b a b i l i t y o f a muon and 
a p i o n from a n u c l e a r i n t e r a c t i o n b e i n g r e g i s t e r e d s i m u l t a n e o u s l y 
gave a r a t e o f double p a r t i c l e events t h a t was i n r e a s o n a b l e 
agreement w i t h t h e observed r a t e s a t t h e t h r e e depths. F u r t h e r 
c o n f i r m a t i o n was o b t a i n e d by examining t h e p r o j e c t e d l a t e r a l 
d i s t r i b u t i o n s of t h e double p a r t i c l e events and comparing them 
w i t h t h e c a l c u l a t e d d i s t r i b u t i o n s on t h e EAS model. The c o n c l u s i o n 
was t h a t MPP a t t h e depths o f o b s e r v a t i o n c o u l d be a d e q u a t e l y 
e x p l a i n e d by t h e simultaneous o b s e r v a t i o n o f more than one muon 
produced by t h e same p r i m a r y n u c l e o n i n t h e atmosphere, and by 
t h e l o c a l n u c l e a r i n t e r a c t i o n s o f t h e muons, except f o r a p o s s i b l e 
excess o f events w i t h v e r y s m a l l t r a c k s e p a r a t i o n s . 
3 « 2 . 2 E l e c t r o m a g n e t i c I n t e r a c t i o n s 
The f l a s h tube r e c o r d s t h a t were i n t e r p r e t e d as b e i n g 
t h e r e s u l t of e l e c t r o m a g n e t i c i n t e r a c t i o n s o f t h e muons were 
d i v i d e d as f o l l o w s : 
a) s e c o n d a r i e s v i s i b l e above t h e l e a d a b s o r b e r : 
2k 
( i ) s i n g l e e l e c t r o n s i n c i d e n t from t h e r o c k above t h e 
appara t u s 
( i i ) e l e c t r o n showers i n c i d e n t from t h e r o c k 
( i i i ) s i n g l e low energy e l e c t r o n s ( S-rays) generated 
w i t h i n t h e t o p t r a y 
b) s e c o n d a r i e s v i s i b l e below t h e l e a d a b s o r b e r : 
( i ) s i n g l e e l e c t r o n s generated w i t h i n t h e l e a d 
( i i ) e l e c t r o n showers produced i n t h e l e a d 
( i i i ) s i n g l e low energy e l e c t r o n s ( S - r a y s ) g e n e r a t e d 
w i t h i n t h e bottom t r a y . 
The f r e q u e n c i e s o f occurrence o f each t y p e o f event 
were determined f o r t h e t h r e e depths a t which t h e ap p a r a t u s was 
op e r a t e d , and from t h e t o t a l numbers of events observed t h e 
p r o b a b i l i t i e s p l o t t e d i n f i g u r e s 3*2 and 3*3 were c a l c u l a t e d . 
I t s h o u l d be no t e d t h a t these f i g u r e s are n o t t h e same as those 
g i v e n by Creed e t a l . (19^5) and by Pat t i s on (1965), s i n c e they 
a r e t h e r e s u l t o f a more a c c u r a t e e x a m i n a t i o n o f t h e m a j o r i t y o f 
th e events made by t h e a u t h o r . I n t h e new f i g u r e s , a llowance i s 
made f o r t h e 'out o f geometry' events ( i . e . ones where the p r i m a r y 
muon d i d not pass t h r o u g h b o t h planes of t h e d e t e c t o r , t h e f o u r f o l d 
c o i n c i d e n c e coming from energy d e p o s i t i o n by t h e accompanying 
secondary p a r t i c l e s ) , and a more c a r e f u l c r i t e r i o n i s ta k e n f o r 
t h e ' i n t r a y * accompaniment. The f i g u r e s f o r showers do n o t 
i n c l u d e p e n e t r a t i n g showers where t h e r e was a simu l t a n e o u s 
o b s e r v a t i o n o f d i f f e r e n t developments o f the same e l e c t r o n shower 
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i n upper and lower t r a y s . 
A knowledge of the a r r i v a l d i r e c t i o n s o f the muons 
enabled, t h e p r o b a b i l i t i e s o f t h e v a r i o u s types o f accompaniment 
w i t h p r o j e c t e d z e n i t h angle t o be c a l c u l a t e d . The r e s u l t s f o r 
1812 m.w.e. are d i s p l a y e d i n f i g u r e s J> .h and 3»5 where t h e e r r o r 
e s t i m a t i o n s are made by assuming a P o i s s o n i a n d i s t r i b u t i o n and are 
based on t h e f i g u r e s o f Regner (1951)- No val u e s a r e shown beyond 
*r5° because t h e r e t h e s t a t i s t i c s a r e e x t r e m e l y poor. 
F i g u r e s 3.2 and 3«3 show q u a n t i t a t i v e l y t h e i n c r e a s e i n 
accompaniment w i t h depth c o r r e s p o n d i n g t o the i n c r e a s e o f t h e mean 
energy o f atmospheric muons w i t h d e p t h . The l a r g e v a l u e f o r the 
S-ray p r o d u c t i o n i n t h e bottom t r a y i s p r o b a b l y due t o low energy 
e l e c t r o n s from t h e l e a d b e i n g counted as 8-rays produced w i t h i n 
t h e lower t r a y . A s i m i l a r s i t u a t i o n would not occur w i t h t h e upper 
t r a y s i n c e t h e rock, c e i l i n g was a p p r o x i m a t e l y 1 m above the Geiger 
c o u n t e r s a t t h e two s h a l l o w e r depths and 2 m above them a t the 
g r e a t e s t d e p t h . T h i s d i f f e r e n c e i n c e i l i n g h e i g h t p r o b a b l y 
accounts f o r t h e r e d u c t i o n i n shower p r o b a b i l i t y from t h e r o c k 
a t 4-100 m.w.e. No i n c r e a s e w i t h depth was found f o r S - r a y s , t h i s 
i s because t h e p r o b a b i l i t y o f c o l l i s i o n l o s s i s i n s e n s i t i v e t o 
muon energy as e x p l a i n e d i n s e c t i o n 4 . 2 . 1 . 
The a n g u l a r dependence o f t h e v a r i o u s t y p e s of accompan-
im e n t , shown i n f i g u r e s J>.h and 3*5 f o r t h e mi d d l e d e p t h , i s 
e x p l a i n e d q u a l i t a t i v e l y by t h e i n c r e a s e w i t h p r o j e c t e d z e n i t h 
angle of t h e mean muon energy and the muon pa t h l e n g t h t h r o u g h the 
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l e a d and neon f l a s h t u b e s . The p r o b a b i l i t y o f e l e c t r o n showers 
b e i n g observed coming from t h e r o c k does not i n c r e a s e w i t h angle 
because t h e r e i s no i n c r e a s e d p a t h l e n g t h i n t h e a b s o r b e r . 
R a t h e r , i t shows a decrease c o r r e s p o n d i n g t o the decrease of 
t e l e s c o p e a p e r t u r e w i t h i n c r e a s i n g a n g l e . 
I n broad o u t l i n e t h e e l e c t r o m a g n e t i c i n t e r a c t i o n s 
observed a t t h e t h r e e depths a r e u n d e r s t o o d . The t o t a l r a t e 
does n o t i n c r e a s e much w i t h d e p t h , but n e i t h e r does the expected 
mean muon energy, as e x p l a i n e d i n s e c t i o n 3«5« 
3.3.1 The KGF N e u t r i n o Experiment: t h e E x p e r i m e n t a l Arrangement 
The f i r s t two d e t e c t o r a r r a y s were assembled i n t h e S p r i n g 
of 1965 and were d e s i g n a t e d t h e t i t l e s ' N e u t r i n o Telescopes 1 and 2 ' . 
I n t h e i r f i n a l completed s t a t e t h e y were i d e n t i c a l . ( F i g u r e 3 » 6 ) . 
Two v e r t i c a l w a l l s of p l a s t i c s c i n t i l l a t o r each 2 m l o n g , 3 m h i g h 
and s e p a r a t e d by 85 cm formed t h e p r i m a r y d e t e c t i n g area o f each-
t e l e s c o p e . Each uall v/as c o n s t r u c t e d from s i x s c i n t i l l a t o r elements 
each one metre square and 5 cm t h i c k , t h e elements b e i n g made o f 
f o u r i d e n t i c a l square b l o c k s . Two a d j a c e n t DuMont 636^ f i v e i n c h 
diameter p h o t o m u l t i p l i e r s were housed a t t h e apex of a cone cover-
i n g each s c i n t i l l a t o r element. Neon f l a s h tubes were used as t h e 
v i s u a l d e t e c t o r s a c t i n g as t h e secondary d e t e c t i n g area. Each tube 
had an e x t e r n a l diameter of 1.8 cm and was 2 m l o n g . The tubes 
were a r r a n g e d h o r i z o n t a l l y i n t r a y s 1 m h i g h , 2 m l o n g and 8 cm 
wide, g i v i n g f o u r columns of f l a s h tubes i n each t r a y . Three t r a y s 
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s u f f i c e d t o cover one w a l l , so t h a t n i n e t r a y s were used i n each 
t e l e s c o p e t o e r e c t t h r e e f l a s h tube a r r a y s between t h e s c i n t i l l a t o r 
w a l l s . A 2.5 cm t h i c k l e a d a b s o r b i n g w a l l was p l a c e d between 
each a d j a c e n t f l a s h tube a r r a y , making a t o t a l absorber t h i c k n e s s 
of 5 cm. 
The passage of a p a r t i c l e t h r o u g h b o t h s c i n t i l l a t o r w a l l s 
of a t e l e s c o p e was r e g i s t e r e d by a f o u r f o l d c o i n c i d e n c e between 
a p a i r o f p h o t o m u l t i p l i e r s on one w a l l and any p a i r on t h e o t h e r . 
A b l o c k diagram o f t h e c i r c u i t r y used i s shown i n f i g u r e 3 .7 . 
The two p u l s e s from a d j a c e n t p h o t o m u l t i p l i e r s were added and delayed 
and f e d t o t h e Y p l a t e s o f an o s c i l l o s c o p e , t h e pu l s e s from the 
s i x p a i r s o f p h o t o m u l t i p l i e r s on one w a l l g o i n g t o t h e same 
o s c i l l o s c o p e . VJhen a f o u r f o l d c o i n c i d e n c e o c c u r r e d t h e o s c i l l -
oscopes' sweeps were t r i g g e r e d and t h e added pulses appeared, t h e 
amount o f t h e d e l a y i n d i c a t i n g t h e c o r r e s p o n d i n g s c i n t i l l a t o r 
e lement. The f o u r o s c i l l o s c o p e s , one f o r each w a l l , were viewed 
by a s i n g l e open s h u t t e r camera. A f t e r a d e l a y o f 30 T^s, which 
a l l o w e d t h e o s c i l l o s c o p e s t o complete t h e i r sweeps, a h i g h v o l t a g e 
p u l s e was a p p l i e d t o t h e c e n t r e e l e c t r o d e s of t h e f l a s h tube t r a y s 
of b o t h t e l e s c o p e s . Two o p e n - s h u t t e r cameras viewed t h e neon 
f l a s h tubes o f each t e l e s c o p e and r e c o r d e d t h e f l a s h e s r e s u l t i n g 
from t h e passage o f an i o n i s i n g p a r t i c l e t h r o u g h t h e a r r a y s . The 
master p u l s e gate was c l o s e d f o r 12 seconds a f t e r each f o u r f o l d 
c o i n c i d e n c e making b o t h t e l e s c o p e s i n s e n s i t i v e w h i l e a c y c l i n g 
system o p e r a t e d . T h i s c y c l i n g system i n i t i a t e d t h e advance o f t h e 
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f i l m i n a l l t h e cameras and t r i g g e r e d t h e i l l u m i n a t i o n of c l o c k s 
and f i d u c i a l l i g h t s , which marked t h e f l a s h tube p o s i t i o n s . 
The neon f l a s h t u b e s , f i l l e d t o 60 cm Hg pre s s u r e w i t h 
a m i x t i i r e o f 98% neon and 2% a r g o n , were f i r e d by a f i e l d of 
a p p r o x i m a t e l y h kV/cm a p p l i e d J>0 us a f t e r t h e passage of. an i o n i s i n g 
p a r t i c l e . The column e f f i c i e n c y was observed on s u r f a c e t o be i n 
t h e r e g i o n 75 - 80%, making t h e p r o b a b i l i t y t h a t two or' more tubes 
would f i r e per t r a y g r e a t e r t h a n 92% even f o r a p e r p e n d i c u l a r 
t r a v e r s a l . I n g e n e r a l p a r t i c l e t r a v e r s a l s were not p e r p e n d i c u l a r 
t o t h e broad face o f t h e t r a y and t h e t r a y e f f i c i e n c y when i n u s e i 
underground (gauged as t h e p r o b a b i l i t y t h a t two or more f l a s h e s 
per t r a y would d e f i n e a p a r t i c l e t r a c k ) was c l o s e t o 100%. 
The angle made by t h e camera l e n s w i t h the a x i s of any 
f l a s h t u b e i n i t s f i e l d o f view was k e p t t o a minimum, u s u a l l y l e s s 
t h a n 7 ° and never g r e a t e r t h a n 1 0 ° . By u s i n g 35 nun I l f o r d HPS 
f i l m (800 a.s.a.) and optimum development c o n d i t i o n s , t h e r e d u c t i o n 
o f l i g h t e mission a t 10° by a f a c t o r o f f i v e f r o m t h a t a t 0° c o u l d 
be t o l e r a t e d . 
The f l a s h tubes v/ere t r i g g e r e d by t h e d i s c h a r g e of a 0.0^ uF 
condenser a t about 13 kV on t o t h e c e n t r a l a l uminium e l e c t r o d e s of 
n o t more t h a n f o u r t r a y s . T h i s was i n i t i a t e d by t h e master p u l s e , 
which a f t e r a m p l i f i c a t i o n drove the g r i d o f a h i g h v o l t a g e t h y r a t r o n 
(XH 16-200) p o s i t i v e , c a u s i n g t h e c o m p l e t i o n o f t h e d i s c h a r g e 
c i r c u i t . The h i g h v o l t a g e condenser v/as charged by a c o n v e n t i o n a l 
U.H.T. s u p p l y g i v i n g a r e c t i f i e d 13 kV, t h e c h a r g i n g t i m e b e i n g 
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about one m i n u t e . 
As a check on t h e s t a b i l i t y o f t h e p h o t o m u l t i p l i e r s and 
c o i n c i d e n c e c i r c u i t s t h e t w o f o l d c o i n c i d e n c e s from each p a i r o f 
p h o t o m u l t i p l i e r s were m o n i t o r e d by a c o u n t e r and p r i n t i n g r e g i s t e r . 
The Zh channels were m o n i t o r e d i n t u r n f o r a p p r o x i m a t e l y 9 min 
each, a f t e r which t h e mixed t w o f o l d c o i n c i d e n c e o u t p u t s f r o m each 
of t h e f o u r s c i n t i l l a t o r \ ^ a l l s were s i m i l a r l y counted. The r e c o r d -
i n g c y c l e was t e r m i n a t e d by a t i m e r p u l s e t r i g g e r i n g the master 
p u l s e c i r c u i t . The c y c l i n g system, i n i t i a t e d by t h e master p u l s e , 
wound on t h e camera f i l m s p r e v e n t i n g f o g g i n g by an o v e r l o n g open-
s h u t t e r exposure. The m o n i t o r i n g system i s shown i n f i g u r e 3«3« 
The p r i n t e d r e c o r d of the r a t e s was i n s p e c t e d d a i l y f o r any unusual 
f l u c t u a t i o n s as a check on t h e system s t a b i l i t y . 
F o l l o w i n g the i n i t i a l r e s u l t s from t h e f i r s t two t e l e s c o p e 
i t was decided t o b u i l d t h r e e t e l e s c o p e s o f a more s o p h i s t i c a t e d 
d e s i g n . They were p r i m a r i l y planned t o i n c r e a s e t h e t o t a l d e t e c t i n 
area a t t h e e x p e r i m e n t a l s i t e , but i n t e r e s t was a l s o centered on the 
si m u l t a n e o u s d e t e c t i o n of two p e n e t r a t i n g p a r t i c l e s t r a v e l l i n g 
c l o s e t o t h e h o r i z o n t a l , as had been observed i n event number f o u r . 
I f t h e p a r t i c l e t r a c k s c o u l d be c o m p l e t e l y d e f i n e d , and any common 
o r i g i n w i t h i n t h e s u r r o u n d i n g r o c k w a l l f i x e d unambiguously, i t 
would enable t h e d i s t i n c t i o n t o be made between pions and muons 
t r a v e r s i n g t h e t e l e s c o p e , and would t h r o w l i g h t on t h e t y p e of 
n e u t r i n o i n t e r a c t i o n g i v i n g r i s e t o t h e observed e v e n t . 
As a r e s u l t of these c o n s i d e r a t i o n s t e l e s c o p e s numbers 
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3> ^ and 5 were b u i l t i n e a r l y 1966. I d e n t i c a l i n c o n s t r u c t i o n , 
t h e y c o n t a i n e d t h r e e f l a s h tube a r r a y s as i n t e l e s c o p e s 1 and 2 
as w e l l as two f u r t h e r a r r a y s s i t e d w i t h t h e f l a s h tubes i n a 
v e r t i c a l p o s i t i o n ; t h e crossed system g i v i n g complete d e f i n i t i o n 
of t h e paths o f any p e n e t r a t i n g p a r t i c l e s . Four l a y e r s o f i r o n , 
each 7»5 cm t h i c k , were i n t e r p o s e d between a r r a y s t o g i v e a t o t a l 
t h i c k n e s s o f absorber of 30 cm o f i r o n ( e q u i v a l e n t t o 2.1 i n t e r -
a c t i o n l e n g t h s f o r p e r p e n d i c u l a r t r a v e r s a l s ) t o a i d the d i s t i n c t i o n 
between p i o n s and muons. S e p a r a t e d by 130 cm, t h e s c i n t i l l a t o r 
w a l l s were each 2 m square and were made up of f o u r s c i n t i l l a t o r 
elements each viewed by two f i v e i n c h p h o t o r n u l t i p l i e r s . A 
diagrammatic r e p r e s e n t a t i o n of one o f t h e t e l e s c o p e s i s g i v e n i n 
f i g u r e 3»9« Telescopes k and 5 were p o s i t i o n e d w i t h a back t o 
back s e p a r a t i o n o f 30 cm t o i n c r e a s e t h e a p e r t u r e f o r a muon t o 
pass t h r o u g h a s c i n t i l l a t o r w a l l and t h e n t h r o u g h the o p p o s i t e 
w a l l o f t h e a d j a c e n t t e l e s c o p e . 'The c o m b i n a t i o n was t r e a t e d as 
a s i n g l e t e l e s c o p e f o r c o i n c i d e n c e r e q u i r e m e n t s . The d i s p o s i t i o n 
o f t h e f i v e t e l e s c o p e s i s shown i n f i g u r e 3*10. The c o i n c i d e n c e 
and m o n i t o r i n g c i r c u i t r y was s i m i l a r i n des i g n t o t h a t f o r 
t e l e s c o p e s 1 and 2. S i x o s c i l l o s c o p e s viewed by one camera 
r e c o r d e d t h e d i s p l a y p u l s e s from t h e mixed t w o f o l d o u t p u t s . 
The neon f l a s h tubes i n each t e l e s c o p e were viewed 
t h r o u g h a m i r r o r system by a s i n g l e camera l i n k e d t o t h e c y c l i n g 
system d r i v e n by t h e master p u l s e gate c i r c u i t . As w i t h t e l e s c o p e s 
1 and 2, r e g u l a r checks were made on t h e f l a s h tube e f f i c i e n c y by 
Telescopes 3,4 & 5. 
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t e s t s u s i n g a 1 raillicurie Co r a d i o a c t i v e source and by an 
a n a l y s i s of t h e s p u r i o u s f l a s h e s i n each t r a y on frames t r i g g e r e d 
by t h e t i m i n g c i r c u i t . A f u l l account o f t h e d e t e r m i n a t i o n of 
p r e - a m p l i f i e r and a m p l i f i e r g ains and b i a s e s by p i l o t experiments 
a t 82^ ra.w.e. and 7500 m.w.e., t h e day t o day r u n n i n g o f t h e 
f i v e t e l e s c o p e s and t h e ch e c k i n g methods used i s g i v e n by 
Narasimham (1967). 
3.3.2 The E x p e r i m e n t a l R e s u l t s 
Telescopes 1 and 2 became o p e r a t i o n a l i n t h e S p r i n g o f 
1965. The r e s u l t s p r e s e n t e d here are from 1st. A p r i l 1965 u n t i l 
1st. June 1967. D u r i n g t h i s time t e l e s c o p e s 1 and 2 r a n f o r a 
t o t a l o f 2^273 t e l e s c o p e - h o u r s and r e c o r d e d ^0 e v e n t s , not a l l 
o f which were due t o a muon t r a v e r s i n g a t e l e s c o p e . Telescopes 
3, ^ and 5 commenced r u n n i n g a p p r o x i m a t e l y a year l a t e r and u n t i l 
1st. June 1967 had logged 22510 t e l e s c o p e - h o u r s between them, 
r e g i s t e r i n g 6 e v e n t s . A complete t a b l e o f e v e n t s , w i t h comments, 
i s g i v e n i n appendix A. Events were d i s p l a y e d on a n a l y s i s sheets 
which gave t h e complete data f o r each e v e n t . A t y p i c a l shower 
of e l e c t r o n s coming from a l e a d l a y e r i s shown by event lk and 
a s i n g l e knock-on e l e c t r o n from a l e a d l a y e r by event 20. 
( F i g u r e s 3-H and J.12). I n some cases a f o u r f o l d c o i n c i d e n c e 
was t r i g g e r e d by t h e s o f t component, (which was gen e r a t e d i n the 
r o c k w a l l by a muon) , d e p o s i t i n g energy i n one or more s c i n t i l l a t o r 
elements. I f the muon d i d not pass t h r o u g h t h e acceptance of t h e 
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t e l e s c o p e , d e f i n e d by t h e s c i n t i l l a t o r geometry, i t was termed an 
out o f geometry (OG) e v e n t . S e v e r a l l a r g e e l e c t r o m a g n e t i c showers 
were observed w i t h no a s s o c i a t e d p e n e t r a t i n g p a r t i c l e , these are 
disc u s s e d i n s e c t i o n 5«8. 
3 . ^ A n a l y s i s o f the E l e c t r o m a g n e t i c I n t e r a c t i o n s 
The d i s c u s s i o n i n s e c t i o n 3-2.2 showed t h a t t h e r e s u l t s 
o f the TIFR-Durham experiment were r e a s o n a b l y w e l l u n d e r s t o o d i n 
q u a l i t a t i v e t e r m s . However, a glance a t t h e t a b l e o f events i n 
appendix A r e v e a l s t h a t t h e degree o f accompaniment observed a t 
a depth o f 7500 m.w.e. i s c o n s i d e r a b l y g r e a t e r t h a n t h a t r e c o r d e d 
a t s h a l l o w e r depths. W i t h i d e n t i c a l e x p e r i m e n t a l c o n f i g u r a t i o n s 
t h e r e s h o u l d be a d i r e c t c o r r e l a t i o n between t h e degree of 
e l e c t r o m a g n e t i c accompaniment and t h e mean energy o f the muons 
and i t i s p o s s i b l e , i n t h e o r y , t o g i v e an e s t i m a t e o f t h e mean 
muon energy o f t h e events observed a t 7500 m.w.e. 
U n f o r t u n a t e l y no work w i t h an i d e n t i c a l e x p e r i m e n t a l 
arrangement has been performed where b o t h t h e muon energy and 
the degree o f accompaniment were known, but t h e work o f S a i d 
(1966) w i t h t h e Durham h o r i z o n t a l s p e c t r o g r a p h a l l o w s a comparison 
t o be made. Cosmic r a y muons, w i t h an energy known up t o about 
1000 GeV, produced e l e c t r o n showers, s i n g l e knock-on e l e c t r o n s 
and S-rays w i t h i n a 60 cm t h i c k i r o n magnet and an e i g h t l a y e r 
neon f l a s h tube t r a y . H i s r e s u l t s are d i s p l a y e d as percentage 
p r o b a b i l i t i e s f o r the t h r e e t y p e s o f accompaniment i n f i g u r e 3»13« 
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The s t e e p l y r i s i n g c o n t r i b u t i o n t o t h e t o t a l r a t e from shower 
p r o d u c t i o n i s m a i n l y due t o t h e i n c r e a s i n g c o n t r i b u t i o n from 
d i r e c t e l e c t r o n p a i r p r o d u c t i o n . 
A more d e t a i l e d a n a l y s i s was made of t h e shower events 
t o d i v i d e them i n t o t h r e e s i z e c a t e g o r i e s : those w i t h 
i ) l e s s t h a n 25 
i i ) g r e a t e r t h a n 25 and l e s s t h a n 50 
i i i ) g r e a t e r than 50 
f l a s h e s i n t h e f i r s t f o u r l a y e r s 
of neon f l a s h t u b e s , c o r r e s p o n d i n g t o s m a l l , medium and l a r g e 
e l e c t r o n showers. A v a l u e , n, was a s c r i b e d t o each o f t h e s i z e s 
which r o u g h l y corresponded t o t h e minimum number of e l e c t r o n s 
necessary t o cause a shower o f t h a t s i z e t o be observed. The 
valu e s o f n were 2, k and 8 f o r t h e t h r e e shower s i z e s . The 
showers i n each energy range were examined and t h e mean v a l u e , 
n, f o u n d . As expected, t h e mean val u e s i n c r e a s e d from 2 a t the 
lowest e n e r g i e s t o about t h r e e a t the h i g h e s t e n e r g i e s where t h e 
medium and l a r g e showers made an a p p r e c i a b l e c o n t r i b u t i o n . 
A f u n c t i o n , R, was d e f i n e d such t h a t : 
R(E) = 1 + 0 . ? f 1 ( E ) + f 2 ( E ) + n ( E ) f 3 ( E ) 3.^.1 
where f-^E) , f (E) and 
f ^ ( E ) were t h e p r o b a b i l i t i e s of t h e t h r e e types of accompaniment, 
S-rays, s i n g l e knock-on e l e c t r o n s and e l e c t r o n showers, and were 
a f u n c t i o n o f t h e muon energy. The v a l u e o f 0.7 was g i v e n t o 
S-rays, s i n c e i n g e n e r a l t h e y t r a v e l l e d o n l y 2 t o 3 f l a s h tube 
3 4 
diameters w i t h i n t h e neon f l a s h tube t r a y s . S i n g l e knock-on 
e l e c t r o n s had an e f f e c t i v e v a l u e o f u n i t y . 
The f u n c t i o n R(E) p r o v i d e s a good measure f o r t h e degree 
of accompaniment w i t h i n t h e Durham s p e c t r o g r a p h , but has t o be 
m o d i f i e d f o r i t t o be a p p l i c a b l e t o the TIFR-Durham and KGF 
n e u t r i n o e x p e r i m e n t s . The m o d i f i c a t i o n f o r t h e s h o r t e r p a t h 
l e n g t h w i t h i n t h e neon f l a s h tube t r a y ( f o u r l a y e r s compared 
w i t h e i g h t ) , e f f e c t i v e i n S-ray p r o d u c t i o n , i s e a s i l y made and 
i f i t i s assumed t h a t t h e s i n g l e knock-on and shower p r o d u c t i o n 
i n a m a t e r i a l a t any g i v e n energy i s p r o p o r t i o n a l t o t h e r a t e 
of energy l o s s of muons a t t h a t energy, then t h e r e l a t i v e c o n t r i b -
u t i o n s from i r o n and l e a d can be e s t i m a t e d assuming an i n f i n i t e l y 
t h i c k a b s o r b e r . The main d i f f i c u l t y i s i n e s t i m a t i n g t h e e f f e c t i v e 
t h i c k n e s s o f absorber c o n t r i b u t i n g t o the observed accompaniment 
as a f u n c t i o n of t h e muon energy. C l e a r l y a t low ener g i e s o n l y 
the l a s t few m i l l i m e t r e s of absorber w i l l be e f f e c t i v e , but as 
the energy i n c r e a s e s more absorber i s brough t i n t o p l a y , and t h e 
whole t h i c k n e s s i s e v e n t u a l l y c o n t r i b u t i n g t o t h e r a t e , a s i t u a t i o n 
t h a t w i l l occur a t a lower energy i n t h e 5 cm l e a d absorber than 
i n t h e 60 cm t h i c k i r o n magnet. 
Some h e l p i n t h i s problem i s g i v e n by f i g u r e 3»5» The 
shower p r o b a b i l i t y r i s e s w i t h i n c r e a s i n g p r o j e c t e d z e n i t h a n gle 
and f l a t t e n s a t h i g h e n e r g i e s t o a o l a t e a u . Two e f f e c t s cause 
t h i s ; t h e r i s i n g mean muon energy and t h e i n c r e a s e d p a t h l e n g t h 
t a k e n t h r o u g h the absorber by t h e muon. At a depth of about 
35 
2000 m.w.e. t h e mean energy i s not i n c r e a s i n g q u i c k l y w i t h d e p t h , 
t h e d i f f e r e n c e i n expected mean muon energy between those a r r i v i n g 
from t h e v e r t i c a l d i r e c t i o n and from an angle of about 35° where 
the p l a t e a u s t a r t s i s l e s s t h a n 10%. A comparison of the t o t a l 
shower p r o b a b i l i t y (3.6%) which i s t h e v a l u e a t the median p r o j e c t e d 
z e n i t h a ngle of 15° and t h e p r o b a b i l i t y a t 35° (5»0%)i shows an 
i n c r e a s e by a f a c t o r o f 1.4. T h i s i s some i n d i c a t i o n o f t h e 
in c r e a s e w i t h p a t h l e n g t h t h r o u g h t h e absorber and t h e f i g u r e i s 
su p p o r t e d by a s i m i l a r r e s u l t from an a n a l y s i s of the data a t 
8l6 m.w.e. o f b o t h s i n g l e knock-on e l e c t r o n s and showers. I n t h e 
l i m i t , t h e c o r r e c t i o n f a c t o r w i l l be t h e r a t i o o f t h e amount of 
—2 
m a t t e r i n g.cm i n t h e two a b s o r b e r s , a v a l u e of 8.3, but t h e 
muon energy necessary t o reach t h i s l i m i t would be v e r y h i g h , 
and a c o n s i d e r a b l e allowance s h o u l d be made f o r the r e - a b s o r p t i o n 
of showers w i t h i n t h e absorber. 
An a l t e r n a t i v e approach a t low e n e r g i e s i s t o e s t a b l i s h 
a d e f i n i t e l e v e l o f muon accompaniment f o r a l e a d a.bsorber a t a 
f i x e d energy. L l o y d and Wolf e n d a l e (1959) g i v e a f i g u r e o f 9.5% 
f o r t h e t o t a l number of e l e c t r o n s emerging from a 1 cm l e a d p l a t e , 
a t a muon energy of 10 GeV. I f t h i s f i g u r e i s m u l t i p l i e d by t h e 
f r a c t i o n a l i n c r e a s e or decrease i n energy l o s s i n l e a d f o r a g i v e n 
energy, t h e t o t a l accompaniment a t low e n e r g i e s can be e s t i m a t e d . 
From t h e c o n s i d e r a t i o n s g i v e n above t h e expected values 
o f R a t d i f f e r e n t e n e r g i e s were e v a l u a t e d f o r t h e c o n f i g u r a t i o n 
used i n t h e TIFR-Durham e x p e r i m e n t , and are p l o t t e d i n f i g u r e 3>l4. 
F i g u r e 3 » l 4 
The V a r i a t i o n of R with Muon Energy» 
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The l a r g e e r r o r on these v a l u e s , e s p e c i a l l y a t high e n e r g i e s , 
i s r e f l e c t e d by the shaded a r e a and i t i s emphasised that t h i s 
c a l c u l a t i o n was of n e c e s s i t y very approximate. 
The value of R was c a l c u l a t e d f o r the depths of 8 l 6 m.w.e. 
and 1812 m.w.e. from equation 3 . ^ . 1 , by s u b s t i t u t i n g the t o t a l 
observed p r o b a b i l i t i e s f o r the three types of accompaniment 
observed below the l e a d l a y e r , and a value of n derived from S a i d ' s 
shower data a t the mean muon energy f o r the two depths. For the 
greate s t depth, klOO m.w.e., a l l the events were analysed. The 
showers were d i v i d e d i n t o s m a l l , medium and l a r g e c a t e g o r i e s and 
the value of n found. The agreement between the points a t the 
three depths, p l o t t e d at the r e l e v a n t mean muon energies, and the 
expected value of R i s reasonable. 
At the depth of the KGF neutrino experiment the r e s i d u a l 
atmospheric muons are expected to have a p r o j e c t e d z e n i t h angle of 
l e s s than about 5 0 ° , w h i l s t the neutrino-induced muons w i l l be 
peaked a t an angle of 9 0 ° . For t h i s reason the a n a l y s i s of the 
electromagnetic accompaniment i s di v i d e d i n t o two c a t e g o r i e s , 
those events above and below a p r o j e c t e d z e n i t h angle of 5 0 ° » 
The events at low angles have a mean angle of about 3 5 ° i a s c a n be 
seen from f i g u r e ^ . 5 » and at t h i s angle the path length through 
the 2 .5 cm t h i c k l e a d l a y e r w i l l be approximately 5 cm, a th i c k n e s s 
equ i v a l e n t to that used i n the a n a l y s i s given above. However, 
the path length through the four l a y e r s of f l a s h tubes w i l l be 
in c r e a s e d , g i v i n g an inc r e a s e d p r o b a b i l i t y for 6-ray production, 
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and a l a r g e r number of f l a s h e s observed for a shower of given 
energy content. 
Each event with a p r o j e c t e d z e n i t h angle (p.z.a.) of 
l e s s than 5 0 ° was examined for i n t e r a c t i o n s w i t h i n the f i r s t and 
second l e a d l a y e r s , and for 8-rays w i t h i n the second and t h i r d 
neon f l a s h tube a r r a y s . A f t e r a reduction f o r the i n c r e a s e d path 
length of the muons through the t r a y s the mean value of R, p l o t t e d 
i n f i g u r e 3 » l 4 , was c a l c u l a t e d . 
Events with a p.z.a. greater than 5 0 ° show few or no 
electromagnetic i n t e r a c t i o n s and the t h i c k n e s s of the absorber i s 
th e r e f o r e r e l a t i v e l y unimportant. Events i n t h i s category were 
considered from a l l f i v e t e l escopes and the value of R c a l c u l a t e d 
i n each ca s e . The mean value of R i s p l o t t e d i n f i g u r e 3 « l 4 at 
the energy f o r which i t best f i t s the ' t h e o r e t i c a l ' curve. 
Before any conclusions can be drawn from these r e s u l t s i t 
i s necessary to examine the d e r i v a t i o n and v a r i a t i o n of the mean 
muon energies to be expected a t va r i o u s depths underground. 
3*5 The Mean Muon Energy Underground 
A f u l l d i s c u s s i o n of t h i s s u b j e c t has been given by 
C r a i g e t a l . (1967). At energies l e s s than about 1000 GeV the 
sea l e v e l muon spectrum has been a c c u r a t e l y obtained from s p e c t r o -
graph measurements. By adopting a p a r t i c u l a r range-energy r e l a t i o n 
for muons^in rock the mean muon energy at shallow depths can be 
c a l c u l a t e d quite a c c u r a t e l y . At energies above 1000 GeV the sea 
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l e v e l muon spectrum has to be estimated e i t h e r from an assumed 
primary cosmic ray spectrum and a mode of propagation i n the 
atmosphere, or from the measured underground d e p t h - i n t e n s i t y 
r e l a t i o n by using the adopted range-energy curve with allowances 
made f o r f l u c t u a t i o n s i n the range of muons of given energy. 
A d i s c u s s i o n of f l u c t u a t i o n s i n energy l o s s i s given i n s e c t i o n 
4 . 2 . 5 . 
C r a i g et a l . considered four d i f f e r e n t s ea l e v e l s p e c t r a , 
two derived from the primary spectrum, and two from the underground 
d e p t h - i n t e n s i t y r e l a t i o n s h i p . At 7500 m.w.e. they obtained mean 
muon energies ranging from 286 to 393 GeV. The highest value came 
from an assumption t h a t the angular d i s t r i b u t i o n of atmospheric 
muons underground followed the r e l a t i o n : 
1_ = i c o s n e 
a o 
wb.ere IQ and I q are the muon 
i n t e n s i t i e s at zero and 6 degrees, s p a t i a l z e n i t h angle, and n 
i s an exponent that v a r i e s with depth. At 7500 m.w.e. they 
took n = 8. I n f a c t , the events recorded i n the KGF experiment 
are peaked a t a p.z.a. of 3 5 ° i corresponding to a depth of the 
order of 10,000 m.w.e. The expected mean muon energy of the 
events i s thus greater than 393 GeV, and on c a l c u l a t i o n proves 
to be ^90 GeV. (E.C.M. Young: p r i v a t e communication.) 
At shallower depths the u n c e r t a i n t i e s are l e s s , and 
fo l l o w i n g the treatments of Hayman et a l . (1963) and Osborne 
et a l . (196*0 for the range-energy r e l a t i o n and s e a l e v e l muon 
spectrum r e s p e c t i v e l y , the expected mean muon energies for the 
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three depths of observation i n the TIFE-Durham experiment are 
approximately 130, 220 and 310 GeV. 
3 . 6 Conclusions 
As explained i n s e c t i o n 3*2 .2 the r e s u l t s of the TIFR-
Durham experiment are f a i r l y w e l l understood i n q u a l i t a t i v e terms. 
The a n a l y s i s given i n s e c t i o n J>,h shows tha t i f a mean muon energy 
i s a ssigned to the muon f l u x a t var i o u s depths the r e s u l t s are i n 
q u a n t i t a t i v e agreement with other experiments g i v i n g r e s u l t s on 
muon accompaniment. 
The events recorded i n the KGF ne u t r i n o experiment, 
when c l a s s i f i e d on the degree of accompaniment alone, f a l l i n t o 
two c l a s s e s . These c l a s s e s c o i n c i d e with events having p r o j e c t e d 
z e n i t h angles above and below approximately 3 0 ° , which i n d i c a t e s 
t h a t they probably a r e , r e s p e c t i v e l y , n e utrino and atmospheric 
induced muon events. From a comparison with the accompaniment 
p r o b a b i l i t i e s p r e d i c t e d by other experiments i t i s evident that the 
atmospheric muons have a high mean energy c o n s i s t e n t with the pre-
d i c t i o n s of C r a i g et a l . (1967) for a muon i n t e n s i t y t h a t f a l l s as 
D (where D i s the depth below ground l e v e l ) f o r depths greater 
than about 7300 m.w.e. The r e s u l t s appear to be i n c o n s i s t e n t 
with a mean energy of 287 GeV" p r e d i c t e d by them f o r an exponential 
d e p t h - i n t e n s i t y r e l a t i o n below t h i s depth, e s p e c i a l l y s i n c e the 
f i g u r e of 287 GeV i s expected to be i n v a r i a n t a t greater depths. 
The neutrino-induced muons appear, on the b a s i s of t h e i r 
40 
apparent electromagnetic i n t e r a c t i o n s , to have a very low median en-
ergy, which i s between th r e s h o l d and about 30 GeV. However, 
conclusions based on t h i s method of a n a l y s i s must be regarded as 
t e n t a t i v e , although i t w i l l be shown l a t e r t h a t they are c o n s i s t e n t 
with other data from the KGF neutrino experiment. 
Chapter 4 
THE INTENSITY OF ATMOSPHERIC MUONS UNDERGROUND 
4 . 1 I n t r o d u c t i o n 
I n t h i s chapter the mechanisms r e s p o n s i b l e f o r the l o s s 
of energy of r e l a t i v i s t i c muons are considered and i t i s shown 
th a t theory and experiment are i n good agreement down to depths of 
the order of 1500 m.w.e. whether the absorber be rock or water. 
Below t h i s depth i t i s suggested that comparable experiments 
performed under the two types of absorber could help to determine 
the degree and ch a r a c t e r of the energy l o s s mechanisms that 
dominate a t high e n e r g i e s , where there i s a d i f f e r e n c e of t h e o r e t i -
c a l opinion. 
An examination i s made of the r e s u l t s from the KGF 
experiment to give the v e r t i c a l muon i n t e n s i t y a t 7500 m.w.e. 
and t h i s f i g u r e i s combined with those of recent workers to 
obtain a best estimate d e p t h - i n t e n s i t y curve i n the region below 
4000 m.w.e. 
F i n a l l y there i s a d i s c u s s i o n of the r e l a t i o n s h i p 
between the v e r t i c a l i n t e n s i t y of muons a t vari o u s depths and 
t h e i r d i s t r i b u t i o n i n z e n i t h angle. 
^ . 2 The Energy Loss Mechanisms for R e l a t i v i s t i c Muons 
I t i s known that r e l a t i v i s t i c muons lose energy through 
c o l l i s i o n , pair production, bremsstrahlung and nuclear interactions. 
A theoretical evaluation of these losses enables a muon range-
energy r e l a t i o n to be calculated for a given medium. When the 
effect of fluctuations in the energy loss has been added to the 
range-energy r e l a t i o n , the r e l a t i o n can be applied to experimental 
observations of muons at various depths under various types of 
overburden and the sea l e v e l energy spectrum of muons can be 
estimated. 
^ . 2 . 1 C o l l i s i o n Losses 
A muon penetrating an absorber loses energy by i n e l a s t i c 
c o l l i s i o n s with atomic electrons causing excitation and ionisation 
of the atoms. This process was f i r s t studied by Bethe and Bloch 
in the early 1930s and i t i s now well understood. 
The method of calculation of the average energy loss 
considers close and distant c o l l i s i o n s separately. In a close 
c o l l i s i o n an electron of high energy i s ejected, the impact para-
meter i s small and the atomic electrons are regarded as free. 
In distant c o l l i s i o n s the muons are treated as point charges 
and the system formed by each atom and muon i s examined using a 
knowledge of the probabilities of the allowed transitions leading 
to excitation or ionisation. This introduces the effective mean 
ionisation potential, I , which i s taken as the minimum energy 
i*3 
transfer. I i s approximately equal to 13Z eV where Z i s the atomic 
number of the absorber. The exact value of I i s usually found 
experimentally. The average rate of energy loss for distant 
c o l l i s i o n s was given by Bethe (1932) and that for close c o l l i s i o n s 
by Bhabha (1938) and Massey and Corben ( 1 9 3 9 ) . For a p a r t i c l e of 
•J spin the t o t a l rate of energy loss from the combined equations 
i s : 
dE 2nNZmc2 2 ("". 2m32c2T ..2 l / 
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where A i s the atomic weight of the medium, N i s Avogadro's 
2 2 number and r = e /mc , the c l a s s i c a l radius of the electron of o ' ' 
mass m and charge e. T i s the maximum energy transferred to the 
electron and i s given by 
2 2 4 
* = B 2 " *\ , 4 . 2 . 2 2fu m E l 
where E i s the energy 
_2 
and V- the mass of the muon and dx i s expressed in g.cm 
The l a s t term in equation 4 . 2 . 1 involves the spin of the 
muon and th i s contributes l e s s than 1% to the energy loss at any 
2 2 
muon energy. Since T approaches the value E - u c /2m asymptotic-
a l l y with increasing energy, the energy loss depends mainly on the 
logarithmic term showing that the loss of r e l a t i v i s t i c p a r t i c l e s 
increases logarithmically with momentum. The logarithmic form i s 
explained by the character of the r e l a t i v i s t i c deformation of the 
coulomb f i e l d of the incident muon which allows the muon to affect 
atoms at larger distances from i t s geometrical path. At energies 
from 1 to 100 GeV the main form of energy loss by a muon i s through 
c o l l i s i o n . 
In the l a t e 1930s i t was r e a l i s e d that for distant c o l l i s i o n s 
the atoms of the absorber close to the path of the muon screened 
the muon's e l e c t r i c f i e l d from the atoms further away, reducing the 
interaction and therefore decreasing the energy l o s s . Fermi (19^0) 
was the f i r s t to treat t h i s polarisation of the medium quantitatively 
by considering the electrons of the medium as having a single 
c h a r a c t e r i s t i c o s c i l l a t i o n . Later other workers extended the 
treatment to consider the behaviour of the electrons belonging 
to the various atomic s h e l l s independently. In particular, 
Sternheimer (1952, 1956) gives a very f u l l treatment. This reduction 
of the energy loss, known as the density effe c t , has been carefully 
studied experimentally and the r e s u l t s have been found to be in 
good agreement with the theoretical treatment of Sternheimer, who 
introduces a term -S inside the square brackets in equation 3*2.1 
such that: 
8= 4.606X + C + a(X n - X ) m ' X <X<X n 
1 ° 1 k.Z.3 
S= 4.606X x > x l 
where X = l o g ^ C r / a c ) , with P the momentum of the muon 
and X , X.. , a, m* constants of the medium. G i s defined by: o 1 
C = -21n(I/hs> ) - 1 4 . 2 . 4 
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where = ( ^ " J - ) * n e plasma frequency of the 
medium, with f> the density of the absorber and h Planck's constant. 
Constants for many media derived from theoretical 
treatments are given by Sternheimer (1956) and i t i s these figures 
which are taken for the calculations i n section 4.3* 
With th i s reduction in energy loss the most probable loss 
tends towards a constant l e v e l , with increasing energy, known as 
the Fermi plateau. In the early 1950s several theoreticians 
pointed out that part of the energy dissipated by high energy 
muons w i l l appear as Cerenkov radiation and that most of the 
increase in loss above the ionisation minimum, where the logarithmic 
increase becomes dominant, should appear as Cerenkov radiation. 
This prediction has not yet been f u l l y v e r i f i e d . 
Including the -S term in the expression *f.2.1 re s u l t s 
i n an equation which has been found to accurately represent the 
energy loss of muons through c o l l i s i o n to an energy where other 
forms of l o s s , mentioned l a t e r , become dominant. A second order 
radiative supression effect suggested by Zhdanov et a l . (1963) 
which introduces a further negative term into equation ^ .2.1 
has not found general acceptance amongst theoreticians, and 
confirmatory experimental evidence i s ambiguous. I f included i t 
roughly negates the r e l a t i v i s t i c logarithmic r i s e , introducing 
an error of about 10% at an energy of 20 GeV which decreases 
with increasing energy. 
4.2.2 Direct Pair Production Losses 
When passing through a nuclear coulomb f i e l d a high 
energy muon may lose energy by the creation of an electron pair. 
This effect has been studied since the mid 1930s when Bhabha and 
Racah, working independently, made theoretical predictions that 
differed by a factor of two. The process i s known to be almost 
independent of the spin and magnet*moment of the p a r t i c l e , but 
the effect of screening introduces uncertainties into the predict-
ions. A treatment by Mando and Ronchi (1952), based on the work 
by Racah, gives: 
- f • S J ^ C W - S - 53-7] ».2.5 
with a = 1/137, the fine 
structure constant. The factor by which the energy loss i s reduced 
by the screening effect of the atomic electrons i s : 
f . [ f t a C l B * - ^ ) • - ^  • i n * ] " 1 ».2.6 
The energy l o s t by pair production i s given by multiplying 
equations 4.2.5 by 4.2.6 for E greater than 30 GeV and by writing 
f=l for E le s s than 30 GeV. The contribution from pair production 
i s s i g n i f i c a n t at energies above 500 GeV and the energy loss i s 
approximated by : 
= 1.6 x 10~6E MeV.g-1.cm2 
dx 
at very high energies 
for standard rock with Z= l l , A=22 and >^=2.65 g.cm"^. Hayman et a l . 
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(1963) adopted the treatment of Mando and Ronchi and their r e s u l t s 
are shown in table 4.1. 
Recently, E r l y k i n (1965) made a reassessment of the energy 
losses of muons by pair production and bremsstrahlung. Using the 
cross-sections given by Ternovski (1959)» who took into account 
the asymmetric energy distribution between pair components more 
accurately than before, E r l y k i n obtained energy loss values from 
k 
10 to 10 GeV, some of which are shown below. 
6 - 1 2 
Table 4.1 Values of b^ x 10 (g cm ) for Standard Rock 
Energy (GeV) Castagnoli et a l . Hayman et a l . E r l y k i n 
10 2 0.91 1.32 1.95 
10 5 0.95 1.52 2.21 
10* 0.97 1.64 2.24 
From these figures there i s c l e a r l y a wide range of 
uncertainty in the value to be ascribed to b^ the pair production 
energy loss parameter, which i s defined by: 
dx p p 
an uncertainty caused both by 
the cross-section used and by the screening factor applied. 
Experimental observations underground on the production of 
electron pairs give weight to the theory of Mando and Ronchi, 
though the evidence i s by no means conclusive. 
^•2.3 Bremsstrahlung Losses 
The acceleration or deceleration of a muon passing through 
the coulomb f i e l d of a nucleus or an electron r e s u l t s i n the 
emission of electromagnetic radiation known as bremsstrahlung. 
The f i r s t accurate quantitative treatment of the process was made 
by Christy and Kusaka (19^1) who allowed for the f i n i t e s i z e of 
the nucleus, but not for the effect of electron screening. I t was 
shown by Rossi (1952) that screening i s effective for energies 
above E where 
v being the fraction of the 
energy lo s t by the muon i n the c o l l i s i o n . 
I f v i s taken as the most effective region of energy 
transfer, then E = ^ 300 QeV for standard rock. For E le s s than E o o 
the average rate of energy loss by the Christy-Kusaka theory i s : 
dx, o « ,* , _ < brems ^ L 5tic 
Many other workers have made theoretical studies of 
bremsstrahlung, in particular Rozental and Streltsov (1959), 
following the method of Bethe and Heitler (1932*) in the region 
for complete screening, give: 
E r l y k i n considered a new nuclear form factor and arrived 
49 
at a value for the correction for the f i n i t e dimensions of the 
nucleus that was lower than that of Christy and Kusaka. He also 
took into account muon bremsstrahlung i n the f i e l d of an electron, 
finding a higher energy loss than other workers through t h i s mechan-
ism. Bremsstrahlung and pair production are major contributors to 
the t o t a l rate of energy loss of a muon over the same range of 
energies. A comparison of values of b^, the bremsstrahlung energy 
loss parameter, derived by different workers for standard rock i s 
given in table 4.2. 
6 1 2 
Table 4.2 Values of b, x 10 (g cm ) for Standard Rock 
Energy (GeV) Castagnoli et a l . Hayman et a l . E r l y k i n 
10 2 0.94 1.18 1.46 
10 3 1.27 1.60 1.67 
10h 1.70 1.76 1.80 
Castagnoli et a l . (1964c) followed the work of Rozental 
and St r e l t s o v throughout, whereas Hayman et a l . adopted the 
Christy-Kusaka treatment at energies l e s s than E Q and the 
Rozental-Streltsov treatment at higher energies, interpolating 
between them i n the region of E Q . 
The size-frequency distribution of bursts measured by 
Carmichael and Stelges (1957) has been shown by Gupta (1958) to 
be in good agreement with a refined form of the Christy-Kusaka 
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treatment. At CERN Backenetoss et a l . (1961), who measured the 
spec t r a l distribution of electron showers produced i n iron by 
8 GeV muons, found a res u l t that supported the theory up to 
momentum transfers of about 0.3 GeV/c. From t h i s i t seems that 
the present experimental evidence at low energies i s in closer 
agreement with the figures given by Hayman et a l . than with those 
of other workers. 
4,2.4 Nuclear Interaction Losses 
A muon can undergo an i n e l a s t i c c o l l i s i o n with a nucleus 
by a discontinuous process that can be regarded as being between 
photons of the v i r t u a l photon cloud accompanying the muon, and the 
nucleus. The Williams-Weizacker method was f i r s t used on thi s 
problem by George and Evans (1950) who derived a r e l a t i o n for the 
v i r t u a l photon flux. The average rate of energy loss can then be 
expressed i n terms of the photonuclear cross-section, i f the l a t t e r 
remains constant with increasing emergy, or i f i t s form i s known. 
An alternative expression for the v i r t u a l photon flux derived by 
Kessler and Kessler (1957) has found l i t t l e support i n experimental 
observations underground, using multiplate cloud chambers to observe 
nuclear interactions d i r e c t l y , and the s e m i - c l a s s i c a l W-W method 
seems to be more acceptable. However, the photonuclear cross-
section i s known only roughly by experiment up to an energy of 
about 5 GeV and i t may well increase at very high energies, i f , as 
seems possible, the coupling between muon and nucleus becomes strong. 
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After a review of the experimental information Hayman et 
a l . take a cross-section of (2.6 +; 0.3)xl0~ cm /nucleon above 
5 GeV from the experimental work of Higashi et a l . (1962) giving: 
- ~ = 7.3xlO"7E MeV.g-1.cm2 4.2.9 
n 
Recently a new treatment by Kobayakawa (1966) using a 
general expression derived by Daiyasu et a l . (1962) for the 
d i f f e r e n t i a l cross-section for a v i r t u a l photon being emitted by 
a muon and absorbed by a nucleus, combined with the assumption 
that the photonuclear cross-section i s constant and equal to 
—28 2 
0.72x10 cm /nucleon, gives a value : 
- H = (2.86-3.20)xl0"7E MeV.g^.cm2 
n 
The main d i f f i c u l t y in making an accurate t h e o r e t i c a l 
treatment of nuclear interactions i s the ignorance of the behaviour 
of the photonuclear cross-section at high energies and i t s absolute 
value at low energies. 
4.2.5 Fluctuations in Energy Losses 
The processes of ionisation, excitation and pair production 
are continuous since the muon loses energy in small amounts in 
frequent interactions with the atoms of the absorber, whereas the 
processes of bremsstrahlung and nuclear interaction are discontin-
uous, the muon losing a large fraction of i t s energy in a few 
widely spaced, near catastrophic impacts. Oda and Murayama (1965) 
have pointed out that the process of pair production may also be con-
sidered as discontinuous i f the f r a c t i o n a l energy lo s t i s greater 
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than 0.05, but most theoretical analyses have not considered pair 
production i n estimating the expected increase in intensity from 
fluctuations at great depths underground. 
Menon and Ramana Murthy (1967) and Kobayakawa (1966) 
give tables of the correction r a t i o R, defined as R = I n f / I f • 
where I ^ i s the underground intensity to be expected at various 
depths assuming that a l l energy losses are continuous. I f i s the 
expected intensity i f the effect of fluctuations i s taken into 
account, and i t should equal the experimentally observed i n t e n s i t y . 
The value of R depends on the assumed exponent of the integ r a l 
energy spectrum of muons incident on the Earth*s surface. Table 
4.3 indicates the range of estimates for R i n standard rock, for 
an exponent of 3, made by various authors in recent years. 
Table 4.3 Values for the Fluctuation Correction Factor R 
Depth Kobayakawa Miyake et Osborne et 
(km.w.e.) (1966) a l . (1964b) a l . (1967) 
2 0.92 - -
4 O.78 0.84 0.735 
6 0.62 0.68 0.55 
8 0.47 0.51 0.42 
10 0.335 - 0.32 
The agreement i s moderate and the value of R for an 
exponent between 2.5 and 3»5 i s probably known to an accuracy of 
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about 15% down to depths in the region of 8000 m.w.e. 
4.3 The Comparison of I n t e n s i t i e s under Sea Water and under Rock 
I n recent papers on underwater experiments, Higashi et 
a l . (1965, 1966) pointed out that at depths shallower than 1000 
m.w.e. there was a discrepancy between the experimentally determined 
i n t e n s i t i e s underwater and under rock. On conversion, their under 
water intensity measurements agreed well with the muon energy 
spectrum at sea l e v e l determined by the direct magnetic spectro-
graph measurements of Hayman and Wolfendale (1962), whereas the 
rock intensity measurements gave a sea l e v e l energy spectrum 
higher than that measured by Hayman and Wolfendale. This difference 
could be explained by a decrease i n the mean densities of a l l the 
rock absorbers of about 10% over that assumed, or a decrease in 
the mean values of Z/A by a similar amount. 
Their main point was that measurements under water allow 
the amount and nature of the absorber to be very accurately c a l c u l -
ated, whilst measurements under rock are often limited by uncertainty 
in the geological nature of the overburden and by i r r e g u l a r i t i e s 
in the surface topography. Additionally, the measured i n t e n s i t i e s 
under rock could contain some soft component, the true muon inten-
s i t i e s being approximately 10% lower than those measured. This 
contamination would not be as severe i n water since the production 
p 
of knock-on electrons i s a function of Z /A. 
The v a l i d i t y of these findings i s examined in the subsequent 
5* 
sections of th i s chapter. 
4.3.1 Derivation of the Range-Energy Relation for Muons in 
Standard Rock and Sea Water 
A re-examination of the figures of Higashi et a l . was 
made by Creed and Wolfendale (1967)• The problem of energy loss 
was reconsidered, and the range-energy r e l a t i o n calculated for 
sea water and standard rock (Z /A = 5»5) assuming three expressions 
for the t o t a l energy loss designated C, H and E. 
The f i r s t , C, was based on the work of Castagnoli et a l . 
(1964a, b, c and 1965a) who used the work of Sternheimer (1956) 
for c o l l i s i o n losses, of Murota et a l . (1956) for pair production 
losses and of Rozental and Streltsov (1959) for bremsstrahlung 
losses. They considered both the W-^tf and K-K treatments for 
nuclear interactions, concluding that the former was the most 
r e l i a b l e theory, taking a value for the energy loss of: 
- H = 1.05x10-6E MeV.g-1.cm2 
n 
The second, H, was based on the work of Hayman et a l . 
(1963)• The c o l l i s i o n losses were ca r e f u l l y re-examined using 
the data of Sternheimer given in equations 4.2.1 - 4.2.4. The 
analysis of Mando and Ronchi (equations 4.2.5 and 4.2.6) was used 
for pair production losses, whilst equations 4.2.7 to 4.2.9 were 
used for bremsstrahlung and nuclear interaction losses. 
The f i n a l expression, E, was derived using the same 
figures as H for c o l l i s i o n and nuclear interaction losses, and 
55 
followed the work of Erlykin (1965) for bremsstrahlung and pair 
production. 
The details of the absorbers considered are l i s t e d in 
table 4 . 4 . 
Table 4 . 4 The Composition of Some Overburdens 
Overburden Z A Z/A Z2/A Density 
(g.cm~3) 
Standard rock 11 22 0 .5 5 .5 2.65 
K.G.F. rock 12 .8 26.1 0.494 6.29 3 . 0 2 
Mt. Blanc rock 10 .3 20 .9 0.494 5 .11 2.6 
Johannesburg rock - - - 5 . 0 2.75 
Sea water 7.433 14 .79 0.553 3 .76 1.027 
The range of a muon of i n i t i a l energy E i s given by: 
R ( E ) = R ( E ) + \ ( ^ ) 1 <JE 4.3.1 
° J E ** tot o 
i f the effect of 
fluctuations i s ignored. I t i s convenient to take E Q = 1 GeV, 
at which energy the range R ( E Q ) has been evaluated from the data 
of Sternheimer (1959) as 5.45 m.w.e. in rock of Z2/A =5.5. For 
sea water R ( E Q ) i s approximately 4.7 m.w.e. 
The range-energy relations for muons in standard rock 
and sea water were obtained d i r e c t l y from equation 4.3.1 using 
energy loss expressions H and E . The re l a t i o n using C was taken 
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d i r e c t l y from the figures of Castagnoli et a l . (1965a), who 
calculated the range-energy curves for muons traversing pure 
water, Mt. Blanc rock and KGF rock, with an adjustment for the 
different values of Z/A (effective i n c o l l i s i o n l o s s e s ) , and Z /A 
(effe c t i v e in bremsstrahlung and pair production l o s s e s ) , since 
the exact form of energy loss for each process was not clear from 
their publication. No account was taken of fluctuations, but 
in the i n i t i a l consideration of muon i n t e n s i t i e s down to a depth 
of 1500 m.w.e. the intensity i s affected by l e s s than 2% through 
t h i s omission. Figures 4.1 and 4.2 give the range-energy relations 
derived from E, H and C for standard rock and sea water. 
4.3.2 The Sea Level Muon Energy Spectrum at Low Energies 
I t has been known for some time that discrepancies exist 
between muon intensity measurements underground that are outside 
the quoted s t a t i s t i c a l errors. These discrepancies a r i s e from the 
d i f f i c u l t y i n making absolute measurements, (often a normalisation 
procedure i s necessary,) and from the assumed angular distribution 
of the muons, a knowledge of which i s e s s e n t i a l i n calculating 
the v e r t i c a l intensity. To obtain the precise rate of muons 
passing through a detector the geometrical acceptance must be 
accurately known, and to avoid counting the accompanying soft 
component a suitable thickness of absorber must be placed between 
two detecting planes. 
An attempt was made by Hayman et a l . (1963) to allow 
Figure 4.1 
Muon Hano-e-EnerR-y R e l a t i o n f o r Standard Hock Assumin 
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for these u n c e r t a i n t i e s and to derive a best estimate f o r the 
de p t h - i n t e n s i t y r e l a t i o n down to 7000 m.w.e. An improved v e r s i o n 
was derived by Osborne et a l . (196*0 and they obtained a sea l e v e l 
energy spectrum that took i n t o account a c o r r e c t i o n f or shower 
r e j e c t i o n b i a s i n the magnetic spectrograph r e s u l t s of Hayman and 
Wolfendale. I n the range 20 to 200 GeV they found a discrepancy 
between the spectrum obtained from the c o r r e c t e d spectrograph 
measurements and that obtained d i r e c t l y from shallow underground 
measurements, the l a t t e r being r a t h e r higher with a maximum 
d i f f e r e n c e of about 25% a t 100 GeV. 
The reason for t h i s discrepancy i s not c l e a r , but some 
of i t i s undoubtedly due to i n a c c u r a t e measurements made s e v e r a l 
decades ago that did not f u l l y exclude the accompanying s o f t 
component, or did not have a detector with an a c c u r a t e l y known 
geometry. There i s a l s o a p o s s i b i l i t y t h a t the shower r e j e c t i o n 
b i a s f a c t o r was underestimated s l i g h t l y . Osborne et a l . concluded 
that a good estimate of the sea l e v e l spectrum of v e r t i c a l muons 
follows the co r r e c t e d i n t e n s i t i e s of Hayman and Wolfendale up to 
200 GeV and follows the i n t e n s i t y - d e p t h spectrum to 7000 GeV. 
I t i s t h i s spectrum (OPW) that i s p l o t t e d i n f i g u r e ^.5. 
As H i g a s h i et a l . (1966) have pointed out, sea water has 
2 
an a c c u r a t e l y known composition and a low value of Z /A making the 
e f f e c t of f l u c t u a t i o n s i n energy l o s s l e s s s e r i o u s and the 
t r a n s i t i o n to the sea l e v e l energy spectrum e a s i e r . However, 
i t i s t e c h n i c a l l y d i f f i c u l t to operate a muon detector of the 
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necessary l a r g e a r e a and high degree of s o p h i s t i c a t i o n a t great 
depths under the s e a . 
The apparatus used by H i g a s h i et a l . did not contain 
v i s u a l detectors to give the necessary angular d i s t r i b u t i o n of the 
p a r t i c l e s , nor d i d i t have absorber to e l i m i n a t e counts from muon 
produced secondary p a r t i c l e s and hence the conclusions of these 
authors cannot be accepted* 
The d i s c r e p a n c i e s noted by H i g a s h i et a l . arose from 
two causes: 
1) As mentioned above, shallow underground measurements 
c a r r i e d out many yea r s ago are s u b j e c t to c r i t i c i s m , for example: 
Wilson (1938) did not e l i m i n a t e l o c a l r a d i o a c t i v i t y or 
the accompanying s o f t component a s s o c i a t e d with the muon f l u x to 
the degree now known to be necessary. 
C l a y and van Gemert (1939) measured the muon i n t e n s i t y 
under water and then converted to measurements under rock by the 
crude assumption of a 1.19 r a t i o between i n t e n s i t i e s under rock 
and under water. A s i m i l a r c r i t i c i s m a p p l i e s to Ehmert (1937)* 
G e n e r a l l y , a no r m a l i s a t i o n procedure was used by these e a r l y 
workers, which c l e a r l y r e s u l t e d i n la r g e e r r o r s i f an i n c o r r e c t 
n o r m a l i s a t i o n point was assumed. 
2) The measurements of H i g a s h i et a l . were not absolute, 
but were normalised at a depth of 20 m (20.5^ m.w.e. i n sea water) 
••3 »2 "1 ^1 
to a value of 1.90x10 cm s e c " s t e r a d " , the Hayman and 
Wolfendale best estimate value. T h i s best estimate curve has 
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been superseded by the Osborne et a l . (OPW) energy spectrum which 
gives an i n t e n s i t y of 2.04x10 ^ cm sec s t e r a d , an i n c r e a s e 
of 7% over the o r i g i n a l estimate. I f t h i s new n o r m a l i s a t i o n i s 
adopted, together with the three treatments of energy l o s s E , H 
and C, the v e r t i c a l i n t e n s i t y f i g u r e s of H i g a s h i et a l . for v e r t i c a l 
and oblique incidence give the points shown i n f i g u r e 4.3. For 
unions t h a t only penetrate to shallow depths, l e s s than about 1000 
m.w.e., the energy l o s s i s mainly through c o l l i s i o n and thu6 these 
three treatments, which commonly adopt the a n a l y s i s of Sternheimer, 
give n e a r l y i d e n t i c a l values with the r e s u l t t h a t the spread of 
points r e s u l t i n g from E, H and C i s only shown for the g r e a t e s t 
energy. At l e s s e r energies the points from E and C approximate 
very c l o s e l y to t h a t from H, which i s p l o t t e d . 
I n order to p l o t other experimental points obtained by 
workers under Kolar rock and standard rock, the energy l o s s and 
range-energy curves for muons were c a l c u l a t e d with the KGF rock 
values given i n t a b l e 4.4, f o l l o w i n g the treatment H. The points 
p l o t t e d a r e those of Sreekantan et a l . (1956), R a n d a l l and Hazen 
(1951)1 B o l l i n g e r (1951)* (only absolute measurements i n the 
v e r t i c a l d i r e c t i o n ) , Miyake et a l . (1964a), B a r r e t t et a l . (1952) 
and Achar et a l . (1965a). These workers obtained absolute values 
f o r the muon i n t e n s i t y with c a r e f u l l y c o n t r o l l e d conditions under 
rock of a c c u r a t e l y known composition. R e c e n t l y , measurements have 
been made under Mt. Blanc by C a s t a g n o l i et a l . (1965b). Using the 
data shown i n t a b l e 4.4 and the energy l o s s treatment C, thay 
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obtained the po i n t s shown on f i g u r e ^.3, which are a t va r i a n c e 
with other experimental r e s u l t s . C e r t a i n l y the v e r t i c a l i n t e n s i t i e s 
that they quote a r e much higher than those observed by H i g a s h i et 
a l . , working a t s i m i l a r depths, when allowances are made for the 
d i f f e r e n c e i n Z/A. A p o s s i b l e explanation i s that they assumed 
an i n c o r r e c t value f o r the exponent of the angular d i s t r i b u t i o n , 
n, s i n c e they used non-visual d e t e c t o r s , but the most l i k e l y 
explanation i s t h a t they made a mis-estimation of the amount of 
overburden when they were working a t sh a l l o w depths. The point 
a t kOO GeV i s i n reasonable agreement with the OPW curve, s i n c e 
the corresponding i n t e n s i t y was measured a t a s i t e 880 m i n s i d e 
the Mt. Blanc road t u n n e l , (not very c l o s e to the tunnel entrance 
as had been the case when obtaining muon i n t e n s i t i e s a t very 
shallow depths), where the e f f e c t of the complicated s u r f a c e 
topography could be c a l c u l a t e d more a c c u r a t e l y . 
From f i g u r e ^.3 i t i s c l e a r t h a t underwater and under 
rock measurements are i n good agreement with each other and with 
the d i r e c t l y measured energy spectrum up to 500 GeV, equivalent 
to a depth of about 1500 m.w.e. I t i s a l s o apparent that a t 
such low en e r g i e s , where c o l l i s i o n l o s s e s dominate, the comparison 
of underwater and under rock measurements cannot throw l i g h t upon 
the exact form of the energy l o s s parameters b^, b^ and b & , the 
sum of which are r e f e r r e d to as b. . . 
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4.3.3 The Comparison of Submarine and Subterranean Muon I n t e n s i t i e s 
a t Great Depths 
I f an experiment to measure the t o t a l i n t e n s i t y of rauons 
a t a great depth, say 4-000 m.w.e., under water and under rock 
could be completed to y i e l d i n t e n s i t i e s a c c u r a t e to a few percent, 
a l i m i t a t i o n could be placed on the p o s s i b l e range of val u e s of 
^ t o t * ^ r o m f i g u r e s 4.1 and 4.2 fo r measurements under sea water 
the average sea l e v e l energies corresponding to a depth of 
4000 m.w.e. would be 2.53x10^ GeV, 2.17xl05 GeV and 2.03xl0 5 GeV 
fo r the energy l o s s treatments E , H and C r e s p e c t i v e l y . F o r a 
s i m i l a r measurement a t 4000 m.w.e. under standard rock the 
corresponding f i g u r e s would be 2.98x10^ GeV, 2.35x10^ GeV and 
2.l6xHr GeV. The e f f e c t i v e v alues of b^ t f o r energy l o s s i n 
-6 -1 2 -6 standard rock i n the three cases are 5.0x10 g cm , 4.1xl0~ 
g^cm 2 and 3.5x10*"^  g - 1cm 2, g i v i n g a range of b. , of 1.5xl0~^ 
tot 
-1 2 
g cm , showing th a t the value of b^ ^ i s qu i t e s e n s i t i v e to the 
energy l o s s treatment adopted. A n a l y s i s of the r a t i o s of the 
expected s e a l e v e l energies quoted above, with r e f e r e n c e to the 
de p t h - i n t e n s i t y r e l a t i o n , shows tha t i f the r a t i o of measured 
underwater and under rock i n t e n s i t i e s i s known to 5% the value 
—6 —1 2 
of b t o t can be i n f e r r e d to + 0.25x10 g cm . The absolute 
accuracy of an i n t e n s i t y measurement a t t h i s depth would need to 
be + 3»5#, not an impossible f i g u r e , but one t h a t would be very 
d i f f i c u l t to achieve under water. 
I t must be noted that i n t h i s a n a l y s i s the e f f e c t of 
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f l u c t u a t i o n s has been ignored. As explained i n s e c t i o n 4.2.5» 
t h e r e i s no p r e c i s e agreement on the absolute values of R and 
consequently the i n f e r r e d accuracy given to ^ would be lower. 
However, i f the experiment under rock were c a r r i e d out i n the 
EQF mine where Z/A = 6.J, as opposed to t h a t of 5*5 fo r standard 
rock, the range of values of ^ would be greater than 1.5xl0~^ 
-1 2 
g cm and the accuracy necessary i n the v e r t i c a l i n t e n s i t y 
f o r a given accuracy i n b^ ^ would be l e s s . 
There i s c l e a r l y a need for more underwater experiments 
with, i f p o s s i b l e , i d e n t i c a l experiments under rock s i n c e an accurate 
knowledge of b^ ^ at v a r i o u s depths would enable the dominant 
c h a r a c t e r of i t s components t o be e l u c i d a t e d , p a r t i c u l a r l y that 
of b R , over which there i s considerable doubt. 
h.k The Angular D i s t r i b u t i o n of Atmospheric Muons Underground 
At any depth underground muons are observed to a r r i v e 
c h i e f l y from the v e r t i c a l d i r e c t i o n and with a decreasing i n t e n s i t y 
at i n c r e a s i n g angles to the v e r t i c a l . The form of the d i s t r i b u t i o n 
of muon i n t e n s i t y with s p a t i a l z e n i t h angle i s determined by the 
i n c r e a s e d path length through the atmosphere of the parent pions, 
a l l o w i n g an enhancement of u-u decay, and the muon i n t e n s i t y at 
the v e r t i c a l depth equal to the i n c l i n e d depth of ground t r a v e r s e d 
by the muons. I f the v e r t i c a l muon i n t e n s i t y follows a power law: 
,-<n+l) I y ( D ) = C D 
then the angular d i s t r i b u t i o n i s 
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of the form: 
1(6) = I coe n6 
where 6 i s the s p a t i a l z e n i t h 
angle, s i n c e the re-u decay enhancement i s approximately p r o p o r t i o n a l 
to s e c 0 . The value of n i s a slo w l y changing f u n c t i o n of the 
v e r t i c a l depth D, and thus a more accurate treatment to determine 
n than t a k i n g the slope of the d e p t h - i n t e n s i t y curve on a loga r -
ithmic p lot a t a p a r t i c u l a r depth, i s to use the r e l a t i o n : 
The values of 1(6) obtained f or a given depth can be f i t t e d to a 
co s n 6 d i s t r i b u t i o n and the best value of n obtained by a c h i -
squared t e s t . Because the value of n changes slowly with depth, 
angle to which the f i t i s made. Most experiments t h a t have been 
c a r r i e d out underground and t h a t have i n v e s t i g a t e d the angular 
d i s t r i b u t i o n have measured the p r o j e c t e d r a t h e r than the s p a t i a l 
z e n i t h angle. E x p e r i m e n t a l l y determined values of n have been 
c o n t r o l l e d by the geometry of the apparatus which u s u a l l y allowed 
3, the p r o j e c t e d z e n i t h angle, to be measured out to the region 
1(6,D) = I(O,Dsec0)sec0. 
the best value of n obtained w i l l depend on 6 max' the maximum 
of 40°- 60°. 
F i g u r e h.k shows the values of n determined experimentally 
down to 7500 m.w.e. I t i s considered that the e f f e c t i v e 0 max w i l l 
l i e i n the range k0°- 60°. I n a d d i t i o n , the va l u e s of n expected 
from the observed d e p t h - i n t e n s i t y r e l a t i o n for 0 = 40°, 50° and max 
60° have been p l o t t e d to a depth of 6000 m.w.e. Below t h i s depth 
F i g u r e 
Exponents of the Angular D i s t r i b u t i o n of Underground Muons a s a 
Fu n c t i o n of Depth. 
Curve A: 6 ^ = 60 . Curve B: 0 m = 50°. Curve C: 6„__ = kd max max 
Exponent 
0„6 2 « 7 10 
Depth (km.w.ee standard r o c k ) 
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i t i s not p o s s i b l e to estimate n a c c u r a t e l y s i n c e the behaviour 
of the d e p t h - i n t e n s i t y curve i s not known a t very great depths. 
The work of Barnothy and Forro (1948) i s known to be in a c c u r a t e 
s i n c e i n s u f f i c i e n t absorber was used to reduce the e f f e c t of the 
electromagnetic accompaniment of the muons. The excess of the 
observed over the expected values i n the region of 1800 m.w.e. 
cannot be explained simply. 
4.4.1 The Angular D i s t r i b u t i o n at 7500 m.w.e. 
The observed angular d i s t r i b u t i o n of the 31 ' i n geometry' 
events through t e l e s c o p e s 1 and 2 ( T ( l , 2 ) ) i s shown i n f i g u r e 4.5. 
Events with B>60° are expected to be neutrino-induced events, 
and for reasons explained i n s e c t i o n 5*6 i t i s expected t h a t 
approximately two events with B < 60° w i l l be neutrino-induced 
a l s o , and that the two events are most l i k e l y to f a l l i n the 
range 35 CVb^50°. The d i f f e r e n t i a l a pertures f o r a l l the t e l e s c o p e s 
have been c a l c u l a t e d by J . L . Osborne. (Table 4.5 and f i g u r e s 4.6 
and 4.7) The apertures for t e l e s c o p e s 1 and 2, together with an 
angular d i s t r i b u t i o n of the form c o s n 0 have been used to compute 
the best value of n to f i t the data, with a B of 60°. The 
' max 
best f i t was obtained u s i n g a maximum l i k e l i h o o d f u n c t i o n : 
S i n c e the events i n each 5 c e l l are expected to f a l l 
i n a Po i s s o n i a n d i s t r i b u t i o n about the expected number, t h i s i s 
L(N) = 
N N 0 
N ' e 
-N where N = no. observed 
and N = no. expected. 
F i g u r e 4.5 
Observed and Expected Huon Angular D i s t r i b u t i o n s i n the, KGF 
Neutrino T e l e s c o p e s . 
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A: Expected d i s t r i b u t i o n f o l l o w i n g a cos * 6 r e l a t i o n 
B: Expected d i s t r i b u t i o n f o l l o w i n g a sec6.exp(-9»26(sec0-l)) r e l ? 
C: Expected neutrino-induced muon r e l a t i o n . 
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the best method. The r e s u l t was confirmed with a chi-squared t e s t . 
The best value of n = 8.25 + 1.0, the e r r o r l i m i t s being 
for best f i t s with 8 = 52.5° and 67.5°. The expected d i s t r i b u t i o n 
max 
3.25 
f o l l o w i n g a cos * 0 r e l a t i o n i s shown i n f i g u r e 4.5 normalised 
t o the t o t a l number of i n geometry atmospheric muon events whose 
angles are known. (25). 
Table 4.5 C h a r a c t e r i s t i c s of the KGF Telescopes 
Telescope 1 or 2 3, 4 or 5 
S c i n t i l l a t o r block 
dimensions (cm 5) 49.6 x 49.6 x 5.0 as T ( l or 2) 
S c i n t i l l a t o r w a l l 
length (cm) 
height (cm) 
se p a r a t i o n (cm) 
(ce n t r e to centre) 
207 
84.5 
207 
208.7 
132.8 
Telescope 
Geometrical aperture 
(m asterad) (no gap allowance) 
O r i e n t a t i o n (° West of North) 
(perp. through both s c i n t . 
22.4 
17.3 11.3 
9.08 
w a l l s ) 
Geographical l o c a t i o n 
L a t i t u d e (°N) 
Longitude (°E) 
12.9 
78.3 
as T ( l or 2) 
as T ( l or 2) 
I n a paper by Menon et a l . (1967a) i t i s suggested that 
below a depth of about 4-000 m.w.e. the i n t e n s i t y follows an 
exponential decrease with depth given by: 
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I(0,D) = 9.8xlO~ 7exp(- D/x) c m ^ s e c ^ s t e r a d " 1 4.4.1.1 
where X == 8lO + 50 m.w.e. T h i s would p r e d i c t : 
1(9,D) = I(O,D)seceexp(-m(sec0-l)) 4.4.1.2 
where m = D/\ = 9*26 a t 7500 m.w.e. At s m a l l values of e 
equation 4.4.1.2 approximates to : 
I(0,D) = KO.D^os 1 1 1" 1©, or 1(6) = l ( 0 ) c o s 8 , 2 6 8 
at 7500 m.w.e. T h i s i s i n e x c e l l e n t agreement with the experiment-
a l l y determined value of n, but a t l a r g e v a l u e s of 0 i t i s c l e a r 
from f i g u r e 4.5 (where the expected angular v a r i a t i o n u s i n g 
r e l a t i o n 4.4.1.2 with m = 9.26 i s p l o t t e d normalised to 25 events) 
th a t the d e p t h - i n t e n s i t y curve does not fo l l o w an exponential 
decrease, but r a t h e r a power law decrease, below about 7500 m.w.e. 
I m p l i c i t i n the d e r i v a t i o n of the angular d i s t r i b u t i o n 
from the v e r t i c a l i n t e n s i t y v a r i a t i o n i s the assumption t h a t the 
e f f e c t of Coulomb s c a t t e r i n g i s n e g l i g i b l e . T h i s i s i n f a c t 
j u s t i f i e d s i n c e the energies of the muons re a c h i n g a depth of 
7500 m.w.e. are very high during most of t h e i r passage through 
the E a r t h . I t i s estimated that the mean muon energy of 
atmospheric muons a r r i v i n g from the v e r t i c a l at 7500 m.w.e. i s 
about 400 GeV on a r r i v a l , r e s u l t i n g i n a very s m a l l broadening 
i n the angular d i s t r i b u t i o n observed. 
From the v e r t i c a l i n t e n s i t y d erived from the events 
8 25 
i n T ( l , 2 ) i n s e c t i o n 4.5, a cos * 0 d i s t r i b u t i o n and the 
d i f f e r e n t i a l a p e r t u r e s given i n f i g u r e 4.7, the expected angular 
d i s t r i b u t i o n of atmospheric muons i n T(3>-5) has been c a l c u l a t e d 
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and i s shown i n f i g u r e ^.5» together w i t h the observed d i s t r i b u t i o n , 
as a f u n c t i o n o f s p a t i a l z e n i t h ang le . 
^•5 The V e r t i c a l I n t e n s i t y o f Atmospheric Muons a t Great Depths 
Underground 
^ .5 . 1 The I n t e n s i t y a t 7500 m.w.e. 
Of the events l i s t e d i n appendix A , ho were observed 
i n T ( l , 2 ) and 6 i n T(3-5) • I n the former ca tegory , 7 events are 
e i t h e r shower events or are d e f i n i t e l y out o f geometry, event 
n o . 17 i s discarded as having a 4. ^ 0% chance o f be ing a genuine 
event and events nos. 9, 16 and 31 cou ld be out of geometry. 
A d d i t i o n a l l y 6 events are thought t o be of n e u t r i n o i n t e r a c t i o n 
o r i g i n f o r reasons expla ined i n s e c t i o n 5.6. Thus 26 (-3?) events 
are thought t o be i n geometry, atmospheric muon events i n e i t h e r 
telescopes 1 or 2 ( T ( l or 2)) occurring i n a runn ing t ime o f 
2^273 t e lescope-hours . 
8 25 
I f an angular d i s t r i b u t i o n of I Q = I v C O B * 9 i s assumed, 
the e f f e c t i v e aper tu re i n the v e r t i c a l d i r e c t i o n f o r T ( l or 2) i s 
O.267 m s t e r a d . Th i s must be reduced by about 3% t o a l l o w f o r 
gaps between s c i n t i l l a t o r elements. The v e r t i c a l i n t e n s i t y i s 
found t o be (1.1J + ° * ^ ) 1 0 ~ 1 0 c m ^ s e c ^ s t e r a d " 1 . 
— Urn JX 
Two o f the f o u r events i n T(3-5) t h a t are i n geometry 
are thought t o be neu t r ino - induced events , l e a v i n g two events 
a t t r i b u t a b l e t o atmospheric muons. The e f f e c t i v e aper ture i n 
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the v e r t i c a l d i r e c t i o n f o r T (3 , ^ or 5) i s c a l c u l a t e d t o be 
0.02^8 m s t e rad and the a d d i t i o n a l e f f e c t i v e aper ture through 
the ope ra t ion o f telescopes h and 5 as one telescope i s 
0.00^8 m s t e r a d . The t o t a l e f f e c t i v e v e r t i c a l aper ture f o r 
2 
T(3-5) i s thus 0.079 m s t e r ad which must be reduced by about 5% 
t o a l l o w f o r gaps. The runn ing t ime f o r T(3-5) i s equ iva len t t o 
7^71 hours , g i v i n g a v e r t i c a l i n t e n s i t y of (1.0 * o * 6 ^ 1 0 ~ 1 0 
••2 ~1 ^ l 
cm" s e c - s t e r a d " , i n good agreement w i t h the value f rom T ( l , 2 ) . 
The e r r o r s quoted on the v e r t i c a l i n t e n s i t i e s inc lude an est imate 
f o r the e r r o r of + 1.0 on the value of n . 
k.5,2 The Best Est imate o f the D e p t h - I n t e n s i t y R e l a t i o n a t 
Great Depths 
I n recent years a number of authors have considered the 
data a v a i l a b l e f rom underground experiments and have g iven estimates 
of the best l i n e through the exper imenta l p o i n t s , n o t a b l y Osborne 
et a l . (196*0, Menon and Ramana Murthy (1967), P a t t i s o n (1965) 
and Menon et a l . (1967a). I n so f a r as the present experiment 
gives i n f o r m a t i o n only on i n t e n s i t i e s a t depths below 7500 m .w.e . , 
i t i s proposed t o examine the d e p t h - i n t e n s i t y r e l a t i o n at depths 
grea ter than 4000 m .w.e . , as was done by Menon et a l . (1967a). 
For shal lower depths the best est imate i s probably t h a t of 
P a t t i s o n (1965) who gives a curve t ha t l i e s between those o f 
Menon and Ramana Murthy and Osborne et a l . 
I f the exper imental po i n t s i n f i g u r e k.k are p l o t t e d on 
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a l i n e a r graph, i t i s found t h a t the va lue o f the exponent n at 
any depth D may be g iven approximate ly by the r e l a t i o n : 
n(D) = 1.47 + 0.885D 4 .5 .2 .1 
where D i s i n km.w.e . , i f the best s t r a i g h t l i n e i s put through 
the exper imenta l p o i n t s f o r values of D grea te r than 1 km.w.e. 
From the observed angular d i s t r i b u t i o n a t 7500 m .w .e . , and the 
l a c k o f any other accurate i n f o r m a t i o n a t a greater depth , i t 
can be assumed t h a t the r e l a t i o n 4 .5•2.1 holds a t great depths. 
The value of n a t any depth i s then the e f f e c t i v e value f o r a 
de tec tor at t ha t depth w i t h a cut o f f , 6 , o f about 6 0 ° . I t 
* ' max' 
i s c l e a r , however, t h a t the t r u e value of n a t sma l l values of 6 
w i l l be less than a t l a rge 6, the e f f e c t i v e value being the best 
est imate f o r the r eg ion about 3 0 ° , and hence f o r the e n t i r e 
angular range of the de t ec to r . 
I n f i g u r e 4.8 exper imental data f rom Miyake et a l . (1964a), 
Achar et a l . (1965a), Cas tagnol i et a l . (1965b) and the present 
experiment are p l o t t e d normalised t o s tandard rock and, where the 
value of n was not d i r e c t l y measured, co r r ec t ed to the value of n 
p r e d i c t e d by r e l a t i o n 4 . 5 . 2 . 1 . The v e r t i c a l i n t e n s i t y der ived 
from the Johannesburg experiment ( s e c t i o n 6 .1 .4) i s a l so p l o t t e d . 
A cons ide ra t i on of these po in t s does not g ive r i s e t o a depth-
i n t e n s i t y r e l a t i o n s i g n i f i c a n t l y d i f f e r e n t f rom tha t of Menon et 
a l . (1967a) (see s e c t i o n 4 .4 .1) i n the r eg ion from 4000 m.w.e. t o 
7500 m.w.e. At grea ter depths the adopt ion o f r e l a t i o n 4 .5 ,2 .1 
and the assumption t h a t the value of n a t any depth appl ies most 
V e r t i c a l ; 
I n t e n s i t y 
-2 - 1 ' cm sec s terad ) 
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accu ra t e ly t o the muons a r r i v i n g a t about 30° t o the z e n i t h gives 
a d e p t h - i n t e n s i t y r e l a t i o n t h a t diverges f rom the exponen t i a l 
form o f Menon et a l . Both r e l a t i o n s are drawn out i n f i g u r e 4.8. 
Because o f the l a c k of exper imenta l obse rva t ions , t h i s approach 
can on ly be a t e n t a t i v e one, but i t i s i n t e r e s t i n g t o note tha t 
the r e l a t i o n based on the l i n e a r increase i n n i s close t o t h a t 
p r e d i c t e d by C r a i g et a l . (1967) f o r the d e p t h - i n t e n s i t y r e l a t i o n 
de r ived from the pr imary spectrum of Greisen (1965) f o r the energy 
per nuc leus , w i t h the assumption tha t heavy n u c l e i are n e g l i g i b l e 
a t a l l energ ies . Th i s tends t o c o n f i r m t h a t the assumption of a 
cosine power law i s not an unreasonable one f o r the angular 
d i s t r i b u t i o n s of muons at great depths, p rov ided t ha t a unique 
value o f n i s not assumed t o apply out to l a r g e angles . 
Chapter 5 
NEUTRINO INTERACTIONS UNDERGROUND 
5 o l I n t r o d u c t i o n 
Before the r e s u l t s mentioned i n s e c t i o n 3«3«2 and appendix 
A can be analysed i n terms of n e u t r i n o - i n i t i a t e d muons, the a l ready 
e s t ab l i shed f a c t s and the t h e o r e t i c a l p r e d i c t i o n s concerning the 
modes o f n e u t r i n o i n t e r a c t i o n s a t va r ious energies must be discussed. 
Three basic types o f neu t r i no i n t e r a c t i o n t h a t produce muons are 
p r e d i c t e d . E l a s t i c and i n e l a s t i c i n t e r a c t i o n s have been es tab l i shed 
w i t h approximate c ross-sec t ions up t o an energy of about 10 GeV by 
machine experiments , and the poss ib le media t ion by the vector boson, 
W, a t h igh energies has been suggested. These three modes of i n t e r -
a c t i o n , together w i t h t h a t o f the Glashow resonance which a r i ses as 
a d i r e c t consequence o f the p o s t u l a t i o n o f the W, are considered. 
A t o t a l r a t e of neu t r ino - induced muons i s de r ived f rom the KGF 
exper imenta l data and i t s s i g n i f i c a n c e discussed. F i n a l l y the 
r e s u l t s o f an ana lys i s of the a r r i v a l d i r e c t i o n s o f the muons 
l i s t e d i n appendix A are presented. 
5»2 E l a s t i c I n t e r a c t i o n s 
The i n t e r a c t i o n s of the muon n e u t r i n o through: 
N>_ + p —* n + v+ and V + n p + ]i~ 
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where the charge o f the l ep ton changes but no a d d i t i o n a l hadrons 
are c rea ted are termed e l a s t i c , and the p r e d i c t e d c ross - sec t ion 
has been conf i rmed by recent experiments a t CERN. Close t o the 
t h r e s h o l d the c ross - sec t ion increases l i n e a r l y w i t h n e u t r i n o 
energy, but a t E £ 1 GeV the t o t a l c ross - sec t ions f o r both i n t e r -
—39 2 
ac t ions tend t o a constant value o f approximate ly 6.10 cm per 
nuc leon . Since the present experiment does not d i s t i n g u i s h 
between p o s i t i v e and negat ive muons, and the proton t o neutron 
r a t i o i n Kolar rock i s close t o u n i t y , the c r o s s - s e c t i o n f o r 
-39 2 
e l a s t i c i n t e r a c t i o n s i s taken as 6.10 cm / n - p p a i r . At machine 
energies the muon i s found t o take 0.9 o f the n e u t r i n o energyi 
and t h i s value i s assumed t o apply a t h igher energ ies . 
The exper imenta l r e s u l t s obta ined a t CERN mentioned i n 
t h i s and subsequent sec t ions are g iven by Young (1966). The 
poss ib le exis tence o f the in te rmedia te vec to r boson has very l i t t l e 
e f f e c t on the e l a s t i c c r o s s - s e c t i o n . 
5 .3 I n e l a s t i c I n t e r a c t i o n s 
I n t h i s category are placed a l l n e u t r i n o i n t e r a c t i o n s 
where one or more hadrons are produced, but where i n t e r a c t i o n s 
are not mediated by the vec to r boson. Paty (1965) gives a 
d i scuss ion o f the many t h e o r e t i c a l t rea tments of the s u b j e c t . 
I n general the i n t e r a c t i o n i s expected t o produce pions and 
p o s s i b l y heavier p a r t i c l e s : 
>D + K —3> N ' + u + n ' s + 
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Since the EGF apparatus cannot d i s t i n g u i s h between the 
d i f f e r e n t types of i n e l a s t i c i n t e r a c t i o n , and on ly the t o t a l r a t e 
o f muons i s o f i n t e r e s t here , the best es t imate f o r the cross-
s e c t i o n i s taken f rom the machine data a v a i l a b l e up t o 10 GeV. 
Beyond the exper imenta l l i m i t o f 10 GeV two poss ib le l i m i t i n g 
cases are considered: 
—39 2 case (a) o \ , = 3.0x10 E« cm /nuc leon f o r a l l E where E i n e l . ^ ' » v 
is i n GeV, and 
case (b) = 3.0x10 - ^ E v cm / nucleon f o r E v < 10 GeV 
and 0 * i n e l = 3 .0xl0~^ cm 2 /nucleon f o r E^ > 10 GeV; a l though 
the present exper imenta l data obtained i n the CERN heavy l i q u i d 
bubble chamber are not incompat ib le w i t h the c ross - sec t ion r i s i n g 
f a s t e r than E^ . For the energy r e g i o n where the c ros s - sec t ion i s 
i nc r ea s ing i t seems most l i k e l y t ha t the muon w i l l take 2/3 rds 
o f the n e u t r i n o energy, and t h a t i t w i l l take a l l the energy i n 
the r e g i o n where the c ross - sec t ion i s l i m i t e d by a r e s t r i c t i o n on 
the momentum t r a n s f e r . 
5.4 Boson Mediated I n t e r a c t i o n s 
The in t e rmed ia te boson hypothesis was f i r s t suggested by 
Yukawa and developed by Lee and Yang (1960) as an exp lana t ion of 
the h igh energy behaviour of weak i n t e r a c t i o n s . I t i s presumed t o 
e x i s t i n both p o s i t i v e and negat ive charge s t a t e s , (though i t i s 
thought u n l i k e l y t h a t a W° e x i s t s ) and t o mediate weak i n t e r a c t i o n s . 
I t must be massive s ince the weak i n t e r a c t i o n s are of shor t range, 
7^ 
the lowest poss ib le mass cons i s ten t w i t h machine data be ing 1.8 QeV 
( B e r n a r d i n i e t a l . 1965). The boson would have a l e p t o n number 
and a baryon number o f zero , a s p i n of one and a magnetic moment 
o f (1+k) , the anomalous magnetic moment, k , be ing unknown, but 
w 
u s u a l l y taken as zero . The W i s created th rough : 
S> u~ + W+ or ^ u + + W~ 5.^.1 
i n the Coulomb f i e l d of a nucleus . The minimum momentum t r a n s f e r 
t o the nucleus by the n e u t r i n o i s m^/ZE^ and t h i s momentum t r a n s f e r , 
necessary t o conserve momentum i n the i n t e r a c t i o n 5 becomes 
smal le r f o r h igher neu t r ino energies . 
I f the momentum t r a n s f e r i n the impact i s sma l l and the 
n e u t r i n o makes only a p e r i p h e r a l c o l l i s i o n , the nucleus r e c o i l s 
as a whole g i v i n g a coherent c o l l i s i o n . A t low n e u t r i n o energies 
the momentum t r a n s f e r increases and the c o l l i s i o n i s incoheren t , 
the s c a t t e r i n g t a k i n g place a t a s i n g l e nuc leon . 
A f u l l d i scuss ion o f the c a l c u l a t i o n o f both coherent and 
incoherent c ross-sec t ions has been given by Osborne (I966). He 
adopts the cross-sec t ions of Wu et a l . (as quoted by Burns et a l . 
1965) f o r both types of i n t e r a c t i o n up t o an energy of 20 GeV. 
The f i g u r e s o f von Gehlen (19&3)» who gives the asymptot ic l i m i t 
t o the c ross-sec t ions v a l i d above 100 GeV, are taken f o r the 
coherent c ros s - sec t ion and an i n t e r p o l a t i o n procedure i s used f o r 
in te rmedia te energ ies . At energies near t h r e s h o l d the incoherent 
process dominates the coherent i n t e r a c t i o n and a t higher energies 
(E ^50 GeV) the s i t u a t i o n i s reversed . 
75 
The W i s expected t o decay w i t h a l i f e t i m e o f less than 
-17 10 sec i n e i t h e r a l e p t o n i c or non - l ep ton i c mode. I n the 
l e p t o n i c mode two decays are pos s ib l e : 
W —> v + <0 or W —> e + s> • 5 .4 .2 
I n h i s ana lys i s Osborne assumes the muonic branching 
r a t i o t o be 0.4 s ince the most recent t h e o r e t i c a l t reatments 
i n d i c a t e t h a t l e p t o n i c decays w i l l predominate f o r m w ^ 3 GeV 
and t h a t the l e p t o n i c decays w i l l be e q u a l l y d i v i d e d between the 
two modes of 5 . 4 . 2 . 
N e u t r i n o i n t e r a c t i o n s v i a the W t h e r e f o r e produce 
two muons: the ' i n t e r a c t i o n muon1 and subsequently the 'decay 
muon' emi t t ed by the boson. I t i s thought t h a t the energy spectrum 
of the muons produced i n 5 . 4 . 1 w i l l be s t r o n g l y peaked at an 
energy E^m / ( m +m ) corresponding t o the minimum momentum t r a n s f e r u u w 
t o the nucleus o f m /2E^ . For a value o f m = 1 . 8 GeV t h i s r e s u l t s 
w' » w 
i n the muon t a k i n g 1/20 o f the n e u t r i n o energy a t 10 GeV. However 
a t h i g h energies the asymptotic formula g iven by Lee et a l . (1961) 
i n d i c a t e s t h a t the muon takes h a l f the n e u t r i n o energy, though 
t h i s l i m i t i s only reached a t energies of the order of 10 GeV. 
I f the in te rmedia te boson e x i s t s , then i t w i l l a l l o w 
the resonance i n t e r a c t i o n : 
S e + e" u " + v> 5.4.3 
2 
t o occur a t a t h r e s h o l d l a b o r a t o r y energy of E .^ = m w /2m e w i t h 
-31 2 
a c ros s - sec t ion of approximately 10 cm and a resonance wid th 
o f E t / 1 0 GeV. Th i s f a c t was f i r s t pub l i shed by Glashow (1960) . 
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Zagrebin and Zheleznykh (1964) have c a l c u l a t e d the f l u x and angular 
d i s t r i b u t i o n o f muons produced through 5*4.3 and t h e i r f i g u r e s 
have been used t o est imate the number of events expected from t h i s 
mechanism. 
There have been a number of t h e o r i e s of weak i n t e r a c t i o n s 
i n v o l v i n g bosons other than the one mentioned above, each w i t h 
d i f f e r e n t c h a r a c t e r i s t i c s . However, the boson of Lee and Yang 
i s the g e n e r a l l y accepted mediator o f weak i n t e r a c t i o n s at h igh 
energies , i f such a mediator e x i s t s . 
5.5 The F lux of Neut r inos Underground 
I t i s expected tha t above the t h r e s h o l d energies of the 
te lescopes , 100-200 MeV f o r telescopes 1 and 2 and 400-800 MeV f o r 
telescopes 3» 4 and 5i depending on the angle of i n c l i n a t i o n of 
the rauon, the predominant c o n t r i b u t i o n t o the neu t r ino f l u x comes 
f rom the decays of muons, pions and kaons i n the atmosphere. A 
very much smal ler f l u x i s expected f rom e x t r a - t e r r e s t i a l sources, 
a sub jec t t h a t i s discussed i n s e c t i o n 5«7» The energy spectrum 
of atmospheric neu t r inos has been es t imated by a number of 
authors i n recent yea r s . The most comprehensive r epo r t s have been 
given by Cowsik et a l . (1966) and Osborne et a l . (1965) and when 
allowance i s made f o r the d i f f e r e n t assumptions adopted by these 
au tho r s , t h e i r values agree t o w i t h i n 3% a t most energies . 
The f i g u r e s of Osborne et a l . are those taken here f o r 
the es t imate o f the t o t a l underground r a t e of neu t r ino- induced 
••••1 
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muons. The angular d i s t r i b u t i o n of a l l types of neu t r inos was 
found t o be peaked towards the h o r i z o n t a l d i r e c t i o n , the r a t i o s 
o f h o r i z o n t a l t o v e r t i c a l i n t e n s i t i e s i n c r e a s i n g f rom 1.^3 t o 
3.70 a t 1 GeV and 10^ GeV r e s p e c t i v e l y . They assumed a K/n r a t i o 
( r a t i o o f a l l kaons t o a l l pions at p r o d u c t i o n i n the atmosphere) 
of 20%. U n c e r t a i n t y i n t h i s value was r e f l e c t e d by an u n c e r t a i n t y 
o f up t o 20% i n the i n t e n s i t i e s quoted. F igure 5*1 i l l u s t r a t e s 
the v a r i a t i o n of i n t e n s i t y w i t h energy f o r the var ious modes of 
p r o d u c t i o n . At energies less than about 50 GeV the b u l k of muon 
neu t r inos come f rom u-e decay, s ince there i s an enhanced p r o b a b i l i t y 
of u-e decay i n the l ong path l eng th encountered between the 
p roduc t ion l e v e l s and ground l e v e l . 
5«6 The Rate o f Neut r ino- Induced Muons i n the KGF Experiment 
Using the c ross-sec t ions and energy d i s t r i b u t i o n s 
mentioned above together w i t h the n e u t r i n o f l u x e s c a l c u l a t e d 
by Osborne e t a l . , the range-energy r e l a t i o n f o r muons and 
the d i f f e r e n t i a l aper tures of the f i v e te lescopes , Menon et a l . 
(1966b) have c a l c u l a t e d the numbers of events due t o neu t r i no 
i n t e r a c t i o n s expected t o be observed under d i f f e r e n t assumptions 
i n the p e r i o d 1st A p r i l 1965 t o 1st October 1966. The p r e d i c t i o n s 
have been brought up t o date , (1st June 1967) and are given i n 
t a b l e 5»1 together w i t h the expected median n e u t r i n o energies 
f o r each process . 
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Table 5.1 Neu t r i no Cross-sect ions and Expected Numbers o f 
Events i n the Per iod 1st A p r i l 1965 t o 1st June 196? 
I n t e r a c t i o n Cross -sec t ion 
(cm 2 ) 
E l a s t i c 0.6x10 / n - p p a i r 
F r a c t i o n o f No. o f Approx. median 
Energy taken events n e u t r i n o 
by Muon 
0.9 1.2 
energy (GeV) 
2.5 
I n e l a s t i c 
E <10 GeV 
E >10 GeV 
-38 . 
0.3E^xlO ' / nuc leon 
Case (a) « 
O ^ ^ x l O 0 f o r a l l E^ 
Case ( b i n 
3.0x10° • ? 0 
0.67 
0.67 
0.67 
1.8 
1.5 
25 
Boson 
p roduc t ion 
m = 1.8 GeV w 
m = 2.5 GeV w 
near t h r e s h o l d 7.0 100 
asymptot ic (25) 
near t h r e s h o l d 3*1 200 
asymptotic (11.4) 
Glashow 
resonance 
m = 1.8 GeV w 
m =2 .5 GeV w 
0.25 
0.25 
2.2 
0.5 
3000 
6000 
Upper l i m i t : m w = 1.8 GeV and case (a) 16.7 
Lower l i m i t : m w >^ 1.8 GeV and case (b) 4.5 
The angular d i s t r i b u t i o n of events observed i n a l l 
telescopes has been d isp layed i n f i g u r e 4 . 5 . From the expected 
d i s t r i b u t i o n o f atmospheric events i t i s c l ea r tha t a l l events 
w i t h z e n i t h angles above about 60° are most probably due t o 
neu t r i no - induced muons, u ^ . The angular d i s t r i b u t i o n expected 
f o r the ]i s can be est imated f rom a knowledge o f the telescope 
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d i f f e r e n t i a l aper tures and the d i s t r i b u t i o n o f parent n e u t r i n o s , 
i f i t i s assumed t h a t the i s emi t t ed w i t h the same d i r e c t i o n 
o f f l i g h t as the n e u t r i n o . Th i s angular d i s t r i b u t i o n was est imated 
and normal i sed , f o r angles above 6 0 ° , t o the number of events (4) 
a t angles >60° p . z . a . observed i n telescopes 1 and 2 . Th i s 
i n d i c a t e d t h a t approximate ly 2 events could be expected t o have 
been observed a t angles < 6 0 ° p . z . a . I n s p e c t i o n of the observed 
angular d i s t r i b u t i o n of a l l events and comparison w i t h the expected 
Vi^j d i s t r i b u t i o n showed tha t the two events were most l i k e l y t o 
have f a l l e n i n the range of p f rom 35° t o 5 0 ° . 
C a r e f u l ana lys i s of the accompaniment of a l l muons 
observed revea led on ly one event t h a t showed more than a s l i g h t 
p o s s i b i l i t y t ha t the muon could have been upward moving. Th i s 
event , no . 18, was assumed t o be a u ^ . A d d i t i o n a l l y one event i n 
the angular range ^ 5 ° - 5 0 ° was s i m i l a r l y asc r ibed t o the observat ion 
o f a u ^ , on the grounds o f p r o b a b i l i t y . 
The expected ^ angular d i s t r i b u t i o n s , normalised t o 
s i x events f o r T ( l , 2 ) and two events f o r T ( 3 - 5 ) , are p l o t t e d i n 
f i g u r e 4-.5. 
The aper ture f o r T ( l or 2) f o r an i s o t r o p i c d i s t r i b u t i o n 
2 2 ( the i n s t r u m e n t a l aper ture) i s 22.^ m s t e rad or 19.5 m s t e r ad 
a f t e r a 13% r e d u c t i o n t o a l l o w f o r s c i n t i l l a t o r gaps. For 
T(3» or 5) the i n s t rumen ta l aper ture i s 9.08 m s t e r a d , or 
2 
7.90 m s t e r ad a f t e r gap r e d u c t i o n . The ex t r a i n s t r u m e n t a l 
aper ture gained by p l a c i n g telescopes h and 5 close toge ther i s 
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3.64 m s t e r a d . Based on a r u n n i n g t ime of 24273 t e l - h r s f o r T ( l , 2 ) , 
22510 t e l - h r s f o r T (3-5) and 6988 t e l - h r s f o r the T(4-5) combinat ion , 
the i n s t rumen ta l i n t e n s i t i e s of ]i^e a r e : 
T ( l , 2 ) (3.5 t J ' ^ I O " 1 5 c m ° 2 s e c " 1 s t e r a d " 1 
and T(3-5) (2.7 * ^ ' ^ l O " 1 3 cnr 2 sec~ 1 s te rad~ 1 1 g i v i n g a weighted 
mean o f (3 .2 + * " f ) 1 0 " 1 5 c m " 2 s e c " 1 s t e r a d " 1 . 
These i n t e n s i t i e s assume the n e u t r i n o f l u x t o be i s o t r o p i c . 
A more accurate comparison can be made between d i f f e r e n t telescope 
geometries by a l l o w i n g f o r the expected peaking i n the h o r i z o n t a l 
d i r e c t i o n and d e r i v i n g a value f o r 1^, the h o r i z o n t a l i n t e n s i t y . 
I n order t o do t h i s a median n e u t r i n o energy must be assumed f o r 
the m a j o r i t y of events , and a choice must be made of the type o f 
i n t e r a c t i o n g i v i n g r i s e t o the grea ter p a r t o f the u v f l u x . 
Here i t i s assumed t h a t the parent neu t r inos of the events have 
an energy o f 10 GeV. Th i s assumption gives an e f f e c t i v e aper ture 
2 
i n the h o r i z o n t a l d i r e c t i o n of 13.^ m s t e rad f o r T ( l or 2) and 
6.7 m s t e r ad f o r T ( 3 , 4 or 5) i n c l u d i n g the T(4-5) combinat ion , 
a f t e r a l l o w i n g f o r gaps. The h o r i z o n t a l i n t e n s i t i e s are 
est imated t o be: 
T ( l , 2 ) (5.1
 + t*2 ) 1 0 " 1 3 c m " 2 s e c " 1 s t e r a d " 1 - 2.5 
and T(3-5) (3*7 * 2*^)10""^3 cm 2 s e c - 1 s t e r a d \ g i v i n g a weighted 
mean of (4.6 * 2 , ^ ) 1 0 " 1 3 c m ^ s e c ^ s t e r a d " 1 . 
The number of events thought t o have been observed, 
+ 4 8 
8 _ 2 * 0 , i s w i t h i n the expected range. The s i g n i f i c a n c e o f the 
r e s u l t i s discussed i n s e c t i o n 5»9» 
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5«7 The C e l e s t i a l Co-ordinates of the KGF Experiment Events 
The s i d e r e a l time, the p r o j e c t e d z e n i t h angle and the 
range of permitted azimuth angles f or any events i n T ( l , 2 ) , and the 
telesco p e o r i e n t a t i o n , can be used to give the a r r i v a l d i r e c t i o n of 
the muon as an a r c on the c e l e s t i a l sphere. R e s u l t s from T(3-5) 
can be s i m i l a r l y combined to give a unique point on the same plot 
for each event, s i n c e the azimuth angles are known to about one 
degree accuracy. The events are divided i n t o four c a t e g o r i e s , those 
with p above and below 60° coming from the Worth and South hemisph-
e r e s . The event a r r i v a l d i r e c t i o n s a r e p l o t t e d i n f i g u r e s 5»2 and 
5»3» Where the values a r e known, out of geometry events a r e p l o t t e d . 
Event no. 13 i s included on the assumption that p = 90°, and allo w -
ance has been made for the u n c e r t a i n t y i n the value of p f o r event 
no. 3« Where the sense of t r a v e l of a muon with p>60° i s at a l l 
u n c e r t a i n i t i s p l o t t e d twice to include both d i r e c t i o n s of t r a v e l . 
An a n a l y s i s of the running times of T ( l , 2 ) shows that they 
have been o p e r a t i o n a l throughout the s i d e r e a l day with a d e v i a t i o n 
from uniformity of l e s s than + 17%. The s i d e r e a l time of an event 
i s approximately equivalent to i t s Right Ascension i f the ze n i t h 
angle i s s m a l l , and thus i t i s expected that the events i n f i g u r e 
5.2 should be n e a r l y uniform i n Right Ascension i f the muon f l u x 
i s i s o t r o p i c . The expected and observed d i s t r i b u t i o n s f o r downward 
moving muons, p l o t t e d as histograms for North and South hemispheres 
for events with p<60° are given i n f i g u r e 5«^« A chi-squared t e s t 
shows tha t observation i s s i g n i f i c a n t l y d i f f e r e n t from expectation, 
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the degree of anisotropy being 95% and 93% for North and South 
hemispheres r e s p e c t i v e l y . 
The c h i e f f e a t u r e s are the enhancement of events between 
k5° and 90° R.A. and the 'dark area* between 225° and 315° R.A. 
i n the Northern hemisphere, and an approximately corresponding 
enhancement from 135° to 2?0° R.A. and dark a r e a s from to 
90° and from 315° to 0° R.A. i n the Southern hemisphere. I t must 
be emphasised that the s t a t i s t i c s are poor, e s p e c i a l l y i n the 
Southern hemisphere and that even with only four 90° c e l l s , the 
chi-squared t e s t i s near the l i m i t of a p p l i c a b i l i t y . However, 
some support f or the ex i s t e n c e of the dark area comes from the 
work of Matano et a l . (1965) on muon r i c h EAS having an e l e c t r o n 
number of approximately 10^. They found an anisotropy i n Right 
Ascension of 97%, the most n o t i c e a b l e f e a t u r e being a dark area 
from 225° to 315°• T h i s suggests that the two observations of 
a d e f i c i e n c y of events i n t h i s r e g i o n may be connected, and that 
the heavy primary cosmic r a y s , assumed to be the parents of the 
ma j o r i t y of the muon r i c h a i r showers observed by the Tokyo group, 
may a l s o be r e s p o n s i b l e for some of the events observed at great 
depths underground. A primary cosmic r a y which w i l l produce a 
pion i n i t s f i r s t i n t e r a c t i o n e n e r g e t i c enough to decay to a muon 
that w i l l penetrate to the depth of the KGF experiment i s estimated 
Ik 
to have a mean energy of a few times 10 eV, whereas fche energy of 
the p r i m a r i e s of the EAS observed by the Tokyo group were an order 
of magnitude higher than t h i s . 
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Observations of muons a t shallower depths, notably 
4360 m.w.e. (Achar e t a l . 1965a) have f a i l e d to r e v e a l any 
anisotropy, even when events a t high angles to the v e r t i c a l are 
examined. T h i s would appear to i n d i c a t e that the anisotropy, i f 
i t i s indeed s t a t i s t i c a l l y s i g n i f i c a n t , only appears i n underground 
muon d i r e c t i o n s a t depths greater than about 7000 m.w.e. correspond-
k 
i n g to muon sea l e v e l energies of about 10 GeV. The dark area 
does not appear to l i e i n the d i r e c t i o n of any obvious g a l a c t i c 
f e a t u r e , though the l o c a l s p i r a l arm i s a t 296° R.A. i n the 
Northern hemisphere. 
The most recent survey of the g a l a c t i c magnetic f i e l d s 
shows a f i e l d minimum i n the l i n e of s i g h t i n the d i r e c t i o n of 
the dark a r e a . I f the minimum i n the l i n e of s i g h t corresponds 
to a maximum normal to the l i n e of s i g h t , the cosmic r a y s a r r i v i n g 
from that d i r e c t i o n would s u f f e r a maximum d e f l e c t i o n which would 
show up as a d e f i c i t i n the i n t e n s i t y i n that d i r e c t i o n . However 
i t i s d i f f i c u l t to see why such an e f f e c t would be c o n s t r i c t e d 
l*f 
to primary energies greater than ~10 eV. 
The co-ordinates of the probable neutrino-induced muons 
are shown i n f i g u r e 5.3* I t i s apparent that the a r c s of events 
numbers 4, 29 and 43 i n t e r s e c t a t a s i n g l e point, and that i f 
event 13 i s assumed to be caused by a p a r t i c l e t r a v e l l i n g at 90° 
to the z e n i t h , an estimate made before any i n t e r s e c t i o n was found, 
a fourth a r c l i e s w i t h i n the i n t e r s e c t i o n a r e a . A d d i t i o n a l l y , the 
ze n i t h angular range of event number 3, 75° + 15°» gives a region 
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on the Southern c e l e s t i a l hemisphere that overlaps the apparent 
i n t e r s e c t i o n . From t h i s i t can be seen that the evidence i s not 
i n c o n s i s t e n t with those events observed i n t e l e s c o p e s 1 and 2 
with p >60° having come from a s m a l l a r e a between R.A. l80° + 4° 
and Dec. 70° + J>° South. I t has been estimated t h a t the p r o b a b i l i t y 
of the a r c s of the three events with c l e a r l y defined values of (J 
i n t e r s e c t i n g w i t h i n an area of t h i s s i z e i s about 1:1200. 
Because of the u n c e r t a i n t y i n the range of p f o r the remaining 
two events, the observation t h a t they could a l s o be due to muons 
a r r i v i n g from the same d i r e c t i o n does not reduce t h i s p r o b a b i l i t y 
much f u r t h e r . 
The apparent i n t e r s e c t i o n a r e a can be explained as being 
due to chance, or by the neutrino parents of the events a r r i v i n g 
from a d e f i n i t e e x t r a - t e r r e s t i a l o r i g i n , s i n c e the muons are 
expected to maintain the d i r e c t i o n of the i n i t i a t i n g neutrino 
to w i t h i n a few degrees. 
A survey of the sky has been made i n the region mentioned. 
There are no i n t e r e s t i n g v i s u a l o b j e c t s , and there are no r a d i o 
sources of appreciable i n t e n s i t y recorded near the p o s i t i o n . I n a 
recent 11 cm scan by Day and Thomas over the area R.A. 179°- l80°, 
Dec. 69°- 72.5° no source greater than the l i m i t i n g i n t e n s i t y 
™26 ""2 ™1 
of ~0.5x10 ym" ( c / s ) ~ was found. (E.G. Bowen, p r i v a t e 
communication). However, a new X-ray source was reported by 
H a r r i e s et a l . a t the C a l g a r y Cosmic Ray Conference t o be l o c a t e d 
a t R.A. 204° +_ 5°» Dec. 64° + 4°, which i s near enough to the 
apparent i n t e r s e c t i o n to warrant f u r t h e r i n v e s t i g a t i o n should 
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f u t u r e observations confirm the e x i s t e n c e of a point source. 
Any apparent o r i g i n point of the parent neutrinos would 
imply t h a t they were e x t r a - t e r r e s t i a l i n nature, s i n c e the primary 
n u c l e a r a c t i v e cosmic r a y f l u x i s known to be roughly i s o t r o p i c 
a t the primary energies g i v i n g the g r e a t e s t c o n t r i b u t i o n to the 
neutrino f l u x e f f e c t i v e i n producing the muons observed underground. 
The problem of e x t r a - t e r r e s t i a l neutrinos has been reviewed by 
Osborne (1966). I t i s expected that the i n t e r a c t i o n of the 
n u c l e a r component of cosmic r a y s with i n t e r - s t e l l a r or i n t e r -
g a l a c t i c matter w i l l produce pions and kaons which w i l l subsequently 
decay producing both \> , v and Y - r a y s » However t h i s neutrino 
f l u x i s expected to be i s o t r o p i c i n a r r i v a l d i r e c t i o n i f the primary 
cosmic rays are i s o t r o p i c , and from the a s s o c i a t e d y-ray production 
the muon neutrino f l u x has been estimated to be more than two 
orders of magnitude l e s s than the atmospheric muon neutrino f l u x , 
k 
even at energies i n the region of 10 GeV. 
The a l t e r n a t i v e p o s s i b i l i t y i s that some neutrinos are 
themselves primary cosmic r a y s coming from d i s c r e t e s o u r c e s . I t i s 
expected t h a t there w i l l be a l a r g e f l u x of thermal e l e c t r o n 
neutrinos from the Sun and other s t a r s , but because of t h e i r low 
energy they w i l l not be detected i n the KGF experiment. C a l c u l a t i o n s 
show that supernovae might be expected to give out very l a r g e 
numbers of e n e r g e t i c neutrinos over a very s h o r t period, much l e s s 
than the 18 months s e p a r a t i n g event numbers 4 and ^3, though a 
s e r i e s of supernovae type explosions w i t h i n a massive c e l e s t i a l 
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o b j e c t l i k e a quasar could produce the n e c e s s a r y long term f l u x , 
and the very great d i s t a n c e s at which these o b j e c t s are thought 
to l i e could r e s u l t i n an a t t e n u a t i o n of the y-ray f l u x from these 
bodies by i n t e r a c t i o n s with o p t i c a l photons. 
Measurements on Y ~ r a y emission from d i s c r e t e sources 
i n d i c a t e t h a t at low energies the d i s c r e t e n eutrino f l u x w i l l 
be two orders of magnitude l e s s than the atmospheric neutrino 
f l u x , but at energies i n the region of 5000 GeV the e x t r a - t e r r e s t i a l 
f l u x could equal the atmospheric f l u x . T h i s immediately suggests 
th a t the Glashow resonance i n t e r a c t i o n , which presumes the existence 
of the intermediate boson, might produce a s i g n i f i c a n t f l u x of 
muons at the resonant energy which i s about 6000 GeV for m w = 2.5 GeV. 
I t can be seen from t a b l e 5»1 that the expected number of events 
from the Glashow resonance i n t e r a c t i o n with atmospheric neutrinos 
i s an order of magnitude l e s s than that observed, which would 
seem to r u l e out t h i s mechanism, although as explained i n the 
previous paragraph, the estimate of the upper l i m i t of the y-r&y 
f l u x could be i n e r r o r for very d i s t a n t o b j e c t s . A f u r t h e r 
d i f f i c u l t y i s t h a t four of the f i v e i n t e r a c t i o n s have been observed 
to be c l o s e to the t e l e s c o p e s , whereas the high energies e f f e c t i v e 
i n the Glashow resonance should mean that the average i n t e r a c t i o n 
point w i t h i n the rock w a l l w i l l be w e l l away from the d e t e c t o r s . 
I f f u r t h e r observation r e v e a l s t h a t there i s an apparent 
d i s c r e t e source of muons observed to have values of 0 > 6 O °, i t 
w i l l probably be necessary to p o s t u l a t e a new mechanism of neutrino 
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production unassociated with y-ra.y production, which w i l l of 
n e c e s s i t y mean that i t w i l l be unassociated with pion production 
i n n u c l e a r a c t i v e c o l l i s i o n s . For the r e s t of the a n a l y s i s of 
t h i s experiment i t w i l l be assumed that no e x t r a - t e r r e s t i a l 
neutrino-induced muons have been observed, and that the arrangement 
of a r r i v a l d i r e c t i o n s i n f i g u r e 5«3h i s due to chance. 
5.8 Shower Events 
I n the breakdown of events l i s t e d i n t a b l e A.2 there are 
s e v e r a l c a t e g o r i e s of event that a r e not c l a s s i f i e d as ' i n geometry' 
muon events. The way i n which a muon can be out of geometry 
( pa r t of the electromagnetic accompaniment t r i g g e r i n g the f o u r f o l d 
coincidence ) has been d i s c u s s e d . I n some of these events the 
muon t r a c k i s c l e a r l y v i s i b l e , and often the e l e c t r o n s causing 
the f o u r f o l d coincidence can be seen i n the f l a s h tube r e c o r d . 
O c c a s i o n a l l y a f o u r f o l d coincidence i s generated by 
what appears to be a shower of e l e c t r o n s , no c l e a r muon t r a c k 
standing out on the re c o r d . A t y p i c a l shower event i s i l l u s t r a t e d 
i n f i g u r e 5«5 (event no. 2 4 ) . An e l e c t r o n shower i s v i s i b l e i n 
the south n f t a r r a y , and the o s c i l l o s c o p e t r a c e for the same wing 
shows s a t u r a t e d p u l s e s i n d i c a t i n g a l a r g e energy deposition i n 
the south s c i n t i l l a t o r w a l l . The shower does not seem to t r a v e r s e 
the t e l e s c o p e , the twofold north wing pulse being s m a l l , probably 
being caused by chance, or by a low energy e l e c t r o n from outside 
the t e l e s c o p e that f a i l e d to penetrate to the north n f t a r r a y . 
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For the m a j o r i t y of the telesc o p e running time the chance twofold 
coincidence r a t e for any p a i r of p h o t o m u l t i p l i e r s was a few 
hundred per hour, making the former explanation quite p o s s i b l e . 
The two other events i n t h i s category were s i m i l a r i n 
nature. Event 13, dis c u s s e d i n appendix A, was a very l a r g e shower, 
though there t r a c k s could be seen i n a l l three n f t a r r a y s , the 
shower apparently p e n e t r a t i n g telescope 2 and t r a v e l l i n g i n a near 
h o r i z o n t a l d i r e c t i o n . Event 21 was a near v e r t i c a l shower with 
t r a c k s v i s i b l e i n the top three n f t t r a y s , d i f f e r e n t p a r t s of the 
same development of the shower being absorbed i n the N6 and S5 
s c i n t i l l a t o r s . T h i s event i s most l i k e l y to have been caused by 
an electromagnetic shower being generated i n the rock c e i l i n g by a 
muon t r a v e l l i n g downwards i n a near v e r t i c a l d i r e c t i o n , the muon 
mis s i n g the te l e s c o p e a l t o g e t h e r , or i t s t r a c k being hidden by the 
shower. Event 2h i s probably a t t r i b u t a b l e to the same cause, 
although the shower i s by no means v e r t i c a l i n i t s d i r e c t i o n of 
propagation. A l a r g e photon component could give the high number 
of s i n g l e and grouped f l a s h e s observed, by the Compton e f f e c t or 
by p a i r production. 
The most d i f f i c u l t event to understand i n t h i s category 
i s number 13. The very l a r g e energy content, estimated to be of 
the order of s e v e r a l hundred GeV, and the d i r e c t i o n of propagation 
are i n c o n s i s t e n t with the i n i t i a t i n g p a r t i c l e being an atmospheric 
muon. One i n t e r a c t i o n that can give a muon with a very high energy 
i s the Glashow resonance i n t e r a c t i o n ( s e c t i o n 5.*f) which might be 
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expected to produce muons with energy -1000 GeV. A s i m i l a r 
process d i s c u s s e d by Hiroshige and Matsuda (1965), a l s o i n v o l v i n g 
the intermediate boson: 
^ + e~ —» W~ + Y 
e 
which would take place 
at neutrino l a b o r a t o r y energies above E^., the th r e s h o l d energy 
r e f e r r e d to i n the Glashow resonance i n t e r a c t i o n d i s c u s s i o n , might 
produce a shower d i r e c t l y from the i n t e r a c t i o n of the y-ray, 
although t h i s i n t e r a c t i o n would n e c e s s a r i l y have to take p l a c e 
c l o s e to a te l e s c o p e f or i t to be detected. 
A l t e r n a t i v e l y , a high energy e l e c t r o n , created through 
NJ + N N» + e, 
e 
could cause the development 
of a l a r g e electromagnetic shower, i f the energy of the v was 
l a r g e . 
Because the nature of the i n i t i a t i n g p a r t i c l e i s unknown 
and because any penetrating p a r t i c l e might be out of geometry, 
t h i s event has not been included i n the a n a l y s i s of the t o t a l 
muon r a t e s . However i t appears l i k e l y that i t i s a s s o c i a t e d with 
a n e u t r i n o i n t e r a c t i o n r a t h e r than with an atmospheric muon. 
Tab l e A.2 l i s t s the observation of two p o s s i b l e weak 
photon showers. They are d i s c u s s e d at the end of appendix A. 
These 'events' may only be an upward s t a t i s t i c a l f l u c t u a t i o n 
i n the number of spurious f l a s h e s observed combined w i t h an 
e l e c t r o n t r a c k from background r a d i o a c t i v i t y . I n a number of 
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frames i n the n f t records short t r a d e s appeared, always i n outer 
n f t a r r a y s , t h a t were a s c r i b e d to background p-rays because the 
frame advance and n f t t r i g g e r was i n i t i a t e d by the timing u n i t . 
T h i s u n i t r e g u l a r l y generated a master p u l s e to avoid fogging of 
the open s h u t t e r cameras through an over long exposure. However, 
the three 'events' mentioned i n appendix A were t r i g g e r e d by a 
f o u r f o l d c o i n c i d e n c e . 
A p o s s i b l e i n t e r p r e t a t i o n of such events i s i n terms of 
weak photon showers, but u n t i l f u r t h e r data has been c o l l e c t e d 
i t i s d i f f i c u l t to a s s e s s what s i g n i f i c a n c e should be attached 
to these o b s e r v a t i o n s . 
I t i s cases such as these which make i t e s s e n t i a l to 
employ a v i s u a l detector underground for t h i s type of work, s i n c e 
i n t e r p r e t a t i o n that i s d i f f i c u l t with a v i s u a l record would become 
impossible without i t . 
5.9 Conclusion 
The expected numbers of events i n the KGF experiment 
from v a r i o u s modes of neutrino i n t e r a c t i o n have been given i n 
t a b l e 5«1» These f i g u r e s can be converted to expected i n t e n s i t i e s 
of muons i n the h o r i z o n t a l d i r e c t i o n . F i g u r e 5«6 shows the 
observed h o r i z o n t a l neutrino-induced muon i n t e n s i t y at KGF and 
at Johannesburg. (The l a t t e r f i g u r e i s given i n s e c t i o n 6.1.4). 
The f i g u r e a l s o shows the estimated h o r i z o n t a l i n t e n s i t i e s under 
three d i f f e r e n t assumptions. 
F i g u r e 5 . 6 
Comparison o f E x p e r i m e n t a l l y Observed H o r i z o n t a l Muon 
I n t e n s i t i e s 
^ i n e l 0 0 u p t o > > 1 0 G e V 
nty = 1.8 GeV 
» 1 . 8 GeV 
Johannesburg 
^ i n e l 0 0 E » u p t o 1 0 G e ^ 
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P u r e l y on t h e b a s i s o f t h e o b s e r v e d r a t e s , i t i s n o t 
p o s s i b l e t o d i s t i n g u i s h between t h e c o n t r i b u t i o n t o t h e r a t e by 
t h e p resence o r absence o f an i n t e r m e d i a t e boson and t h e c o n t r i b u t i o n 
b y t h e r i s i n g i n e l a s t i c c r o s s - s e c t i o n . I f i t i s assumed, as seems 
r e a s o n a b l e , t h a t t h e i n e l a s t i c c r o s s - s e c t i o n does n o t s a t u r a t e a t 
t h e l i m i t o f machine e n e r g i e s , b u t c o n t i n u e s t o i n c r e a s e w i t h 
ene rgy up t o a p o i n t c o n t r o l l e d by t h e breakdown o f t h e V-A t h e o r y 
o f weak i n t e r a c t i o n s , t h e n i t can be assumed t h a t t h e c o n t r i b u t i o n 
f r o m a boson m e d i a t e d i n t e r a c t i o n i s v e r y s m a l l , and as a c o n -
sequence t h e boson mass, i f t h e boson e x i s t s , must be h i g h . 
Two methods a r e b e i n g a d o p t e d t o r e s o l v e t h i s d i l emma. 
The f i r s t , w h i c h was embodied i n t h e d e s i g n o f t e l e s c o p e s 3 -5 , 
was t o a t t e m p t t o observe s i m u l t a n e o u s l y t w o p e n e t r a t i n g t r a c k s 
whose d i r e c t i o n s were unambiguous ly d e f i n e d . The u n e q u i v o c a l 
p i n - p o i n t i n g o f t h e appa ren t o r i g i n o f t h e t r a c k s , and t h e i r 
passage t h r o u g h 30 cm o f i r o n w o u l d enab le a f i r m c o n c l u s i o n 
t o be drawn about t h e n a t u r e o f t h e p a r t i c l e s c a u s i n g t h e t r a c k s . 
I f two muons were s i m u l t a n e o u s l y obse rved t h i s w o u l d c o n s t i t u t e 
s t r o n g e v i d e n c e f o r t h e e x i s t e n c e o f t h e i n t e r m e d i a t e boson . 
I n c h a p t e r 7 t h e d e s i g n and r e c e n t c o n s t r u c t i o n o f two 
magne t i c s p e c t r o g r a p h s i s d i s c u s s e d . I t i s hoped t h a t t h e 
e l u c i d a t i o n o f t h e ene rgy o f a s u f f i c i e n t number o f n e u t r i n o -
i n d u c e d muons w i l l enab le a d e c i s i o n t o be made on t h e t y p e o f 
i n t e r a c t i o n i n w h i c h t h e y were p r o d u c e d . 
C h a p t e r 6 
OTHER NEUTRINO EXPERIMENTS UNDERGROUND 
A t p r e s e n t t h e r e a r e o n l y two e x p e r i m e n t s , o t h e r t h a n t h e 
one a t KGF, d e s i g n e d t o i n v e s t i g a t e t h e n e u t r i n o i n i t i a t e d muon 
f l u x u n d e r g r o u n d . C h r o n o l o g i c a l l y t h e f i r s t o f t he se was t h e 
Johannesburg e x p e r i m e n t , m e n t i o n e d i n c h a p t e r 2, w h i c h i s now 
d i s c u s s e d . 
6.1 The Johannesburg E x p e r i m e n t 
As e x p l a i n e d i n s e c t i o n 2.2, t h i s e x p e r i m e n t i s b a s i c a l l y 
v e r y s i m i l a r t o t h e KGF a r r a n g e m e n t . L o c a t e d i n t h e Eas t Rand 
P r o p r i e t a r y Mines near Johannesbu rg , ( t h e o n l y o t h e r mine i n t h e 
w o r l d comparable i n dep th w i t h t h e Champion Reef M i n e , KGF) a t a 
s i t e 3200 m b e l o w s u r f a c e , t h e o v e r b u r d e n i s r o u g h l y e q u i v a l e n t t o 
8800 m . w . e . l o c a l r o c k , (Z / A = 5,0 and ^>= 2.75 g.cm ) o r a p p r o x -
i m a t e l y 85OO m . w . e . s t a n d a r d r o c k . The c h a r a c t e r i s t i c s o f t h e 
o v e r b u r d e n have n o t been p u b l i s h e d , m a k i n g t h e c o n v e r s i o n t o 
s t a n d a r d r o c k o n l y an a p p r o x i m a t e one, t h e a b s o l u t e d e p t h i n 
s t a n d a r d r o c k may be i n e r r o r by + 150 m . w . e . s i n c e no g r e a t 
emphasis has been p l a c e d on a c c u r a t e l y m e a s u r i n g t h e e q u i v a l e n t 
d e p t h b e l o w s u r f a c e , t h e e x p e r i m e n t b e i n g p r i m a r i l y conce rned 
w i t h m e a s u r i n g t h e h o r i z o n t a l muon f l u x . 
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6.1.1 D e s c r i p t i o n o f t h e A p p a r a t u s 
The d e t e c t o r a r r a y , shown s c h e m a t i c a l l y i n f i g u r e 6.1, 
c o n s i s t s o f two p a r a l l e l v e r t i c a l w a l l s made up o f 36 d e t e c t o r 
e l e m e n t s . The a r r a y i s g rouped i n t o 6 ' b a y s 1 o f 6 e l ements each . 
Each e lement i s a r e c t a n g u l a r box o f L u c i t e o f s e n s i t i v e d imens ions 
5^7x56x12.7 cm c o n t a i n i n g 38O l i t r e s o f a m i n e r a l o i l based l i q u i d 
s c i n t i l l a t o r and i s v i e w e d by two 5 i n p h o t o m u l t i p l i e r s a t each 
e n d . L a t e r t h r e e f u r t h e r bays were added (nos 7-9)1 each c o n t a i n -
i n g 6 e l ements o f s e n s i t i v e d imens ions ^73*56x12.7 cm^, i n c r e a s i n g 
t h e d e t e c t i n g a r e a t o a p p r o x i m a t e l y I65 m . The a r r a y c o n s t i t u t e s 
a hodoscope g i v i n g a r o u g h measurement o f t h e z e n i t h a n g l e o f a 
cha rged p a r t i c l e p a s s i n g t h r o u g h i t . A d d i t i o n a l l y , t h e even t i s 
l o c a t e d a l o n g t h e d e t e c t o r a x i s by t h e r a t i o o f t h e p h o t o m u l t i p l i e r 
r esponses f r o m t h e two ends o f each e lement t r a v e r s e d . The sum o f 
t h e responses i n d i c a t e s t h e t o t a l energy d e p o s i t e d and hence t h e 
t r a c k l e n g t h i n t h e s c i n t i l l a t o r . The ene rgy d e p o s i t e d b y a 
minimum i o n i s i n g p a r t i c l e t r a v e r s i n g t h e s c i n t i l l a t o r s h o u l d be 
g r e a t e r t h a n abou t 20 MeV, w e l l above t h e e n e r g i e s c h a r a c t e r i s t i c 
o f n a t u r a l o r i n d u c e d r a d i o a c t i v i t y . The t r i g g e r i n g r e q u i r e m e n t 
was a f o u r f o l d c o i n c i d e n c e between any f o u r p h o t o m u l t i p l i e r s on 
one w i n g o f t h e a r r a y . 
I t i s unnecessa ry t o d i s c u s s t h e d e t a i l o f t h e e x p e r i m e n t a l 
a r rangement and c h e c k i n g sys tem h e r e , a f u l l a ccoun t can be f o u n d 
i n t h e l i t e r a t u r e . (Reines e t a l 1965a, b , 1967, Re ines 1966, 
Crouch e t a l . 1966a, b , G u r r 1966.) 
F i g u r e 6 . 1 
The Johannesburg N e u t r i n o D e t e c t o r . 
LLL/A 
Bay 1 
Bay Q V 
Bay Q - l 
Bay . . 
Bay 2 
North. 
1 = 5263 cm 
d = 180 cm 
Q = 9 
West East 
9^ 
6.1.2 The R e s u l t s and t h e i r I n t e r p r e t a t i o n 
W i t h t h e a r r a y i l l u s t r a t e d i n f i g u r e 6.1 s e v e r a l t ypes 
o f even t can be r e c o r d e d . 
1) S i n g l e W a l l Even t s 
a ) S i n g l e t a n k e v e n t s . These a r e t r i g g e r e d by a f o u r f o l d 
c o i n c i d e n c e f r o m t h e p h o t o m u l t i p l i e r t ubes v i e w i n g a s i n g l e t a n k 
where no o t h e r s i g n a l i s r e c o r d e d i n any o t h e r t a n k . The cause 
i s most p r o b a b l y a s i n g l e i o n i s i n g p a r t i c l e t r a v e r s i n g an e lement 
and f a i l i n g t o pass t h r o u g h any f u r t h e r e l e m e n t s . 
b ) Double and t r i p l e t a n k even t s i n a s i n g l e b a y . A 
p a r t i c l e t r a v e l l i n g i n a near v e r t i c a l d i r e c t i o n w i l l p o s s i b l y 
pass t h r o u g h two or t h r e e t a n k s i n a s i n g l e b a y . 
c ) C o i n c i d e n c e s i n v o l v i n g more t h a n one b a y . I n t h e 
l i g h t o f t h e KGF e x p e r i m e n t i t seems l i k e l y t h a t t hese even t s 
a re caused by p a r t i c l e accompaniment , e i t h e r o f a s o f t , e l e c t r o -
magne t i c t y p e or p i o n i c o r muonic i n n a t u r e . 
2) Cross T u n n e l Even t s (Double W a l l E v e n t s ) 
a ) S i n g l e t a n k i n c i d e n c e s , one t a n k on each w a l l . These 
even t s a r e most p r o b a b l y due t o a s i n g l e p a r t i c l e m o v i n g ac ross t h e 
t u n n e l a t an a n g l e g r e a t e r t h a n hj>° t o t h e z e n i t h . T h i s c a t e g o r y 
d i v i d e s i n t o t h r e e c l a s s e s , ( i ) U - L , ( i i ) U-M or M - L and ( i i i ) U - U , 
M-M o r L - L c o i n c i d e n c e s , where U = u p p e r , M = m i d d l e and L = l o w e r 
t a n k i n any b a y . 
b) M u l t i t a n k i n c i d e n c e s i n v o l v i n g o n l y one bay on each 
w a l l . 
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c ) M u l t i t a n k i n c i d e n c e s i n v o l v i n g more t h a n two bays and 
b o t h w a l l s . I n v i e w o f t h e r e s u l t s o f t h e KGF e x p e r i m e n t t hese 
two c a t e g o r i e s can b o t h be e x p l a i n e d i n t e rms o f muons accompanied 
by e l e c t r o m a g n e t i c showers , i n e l a s t i c n e u t r i n o i n t e r a c t i o n s , e t c . 
W i t h t h i s c o m p l e x i t y o f e v e n t s , c o u p l e d w i t h t h e f a c t 
t h a t two o r more t r a c k s i n any e lement w i l l make t h e p u l s e h e i g h t 
a n a l y s i s d i f f i c u l t i f n o t i m p o s s i b l e , i t can be r e a l i s e d t h a t t h e 
i n t e r p r e t a t i o n o f t h i s e x p e r i m e n t i s n o t e a sy . T h i s c o n c l u s i o n i s 
r e a d i l y c o n f i r m e d by r e a d i n g t h e most up t o da te r e p o r t , Re ines e t 
a l . (1967), where t h e r a t e o f n e u t r i n o - i n d u c e d muons t h r o u g h t h e 
a p p a r a t u s i s q u o t e d as l y i n g between 
(2.0 + 0.5 and *K5 + 0.7) 10" 1 5 c m ^ s e c ^ s t e r a d " 1 . 
The re a r e s e v e r a l d i f f i c u l t i e s a s s o c i a t e d w i t h t h e 
d e r i v a t i o n o f a r a t e o f e i t h e r n e u t r i n o - i n d u c e d o r a t m o s p h e r i c 
muons. F i r s t t h e r e i s no e x a c t method f o r d e t e r m i n i n g t h e a n g l e 
t h e p a r t i c l e t r a j e c t o r y makes t o t h e v e r t i c a l . When b o t h s c i n t i l l -
a t o r w a l l s a r e t r a v e r s e d t h e zesLth a n g l e can be gauged t o a p p r o x -
i m a t e l y + 19° by n o t i n g w h i c h o f t h e s i x t a n k s i n each bay was 
t r i g g e r e d , a l t h o u g h t h i s assumes t h a t o n l y one t a n k per w a l l i s 
i n v o l v e d . I n t h e o r y t h e energy d e p o s i t e d by a p a r t i c l e w i l l be 
a f u n c t i o n o f i t s p a t h l e n g t h t h r o u g h t h e s c i n t i l l a t o r and hence 
o f i t s s p a t i a l z e n i t h a n g l e . However t h i s p i c t u r e i s c o n f u s e d 
by t h e q u o t e d i n a c c u r a c y o f t h e d e t e r m i n a t i o n o f t h e d e p o s i t e d 
e n e r g y , + 20% t o 30%, t h e i n c r e a s i n g r a t e o f energy l o s s w i t h 
p a r t i c l e e n e r g y , and by t h e e x i s t e n c e o f secondary p a r t i c l e s 
96 
accompanying t h e p a r e n t muon i n t o t h e s c i n t i l l a t o r . 
T h i s l a c k o f r e s o l u t i o n o f t h e s p a t i a l z e n i t h a n g l e i s 
most i m p o r t a n t f o r s i n g l e t a n k e v e n t s , s i n c e c r o s s - t u n n e l even ts 
i n v o l v i n g b o t h w a l l s r e q u i r e t h a t p a r t i c l e s have 8 > ^ 3 ° . Because 
o f t h e dep th o f t h e e x p e r i m e n t a l s i t e and t h e s m a l l c r o s s - t u n n e l 
a p e r t u r e o f t h e d e t e c t o r a t t h a t a n g l e , t h e c o n t r i b u t i o n t o t h e 
obse rved r a t e o f c r o s s - t u n n e l even t s f r o m a t m o s p h e r i c muons i s 
n e g l i g i b l e . S i n g l e t a n k even t s a r e t h u s a t t r i b u t a b l e t o b o t h 
a t m o s p h e r i c and n e u t r i n o - i n d u c e d muons, and s i n c e t h e a n g u l a r 
d i s t r i b u t i o n o f t h e f o r m e r cannot be measured t h e s e p a r a t e 
c o n t r i b u t i o n s have t o be e s t i m a t e d f r o m an assumed a n g u l a r 
d i s t r i b u t i o n . 
U n l i k e t h e KGF e x p e r i m e n t , even t s t h a t a r e ' o u t o f geome t ry ' 
cannot be s u b t r a c t e d e a s i l y f r o m t h e t o t a l number o f s i n g l e t a n k 
e v e n t s , b u t t h e p r o p o r t i o n o f such even t s can be assessed f r o m 
t h e KGF d a t a and a l l o w a n c e s made f o r them i n t h e e s t i m a t e d i n t e n -
s i t i e s . 
The m u l t i t a n k even t s c o n s t i t u t e a s e p a r a t e p r o b l e m . 
A l m o s t c e r t a i n l y t h e y a r e caused by muon accompaniment , t hough 
t h e l a c k o f a b s o r b i n g l a y e r s between t h e s c i n t i l l a t o r s makes i t 
d i f f i c u l t t o assess i t s n a t u r e . Where t h e ene rgy d e p o s i t i o n i n 
one or more t a n k s i s v e r y h i g h i t i s l i k e l y t h a t an e l e c t r o -
magne t i c shower has e n t e r e d , o r been p r o d u c e d i n t h e s c i n t i l l a t o r , 
b u t as has been seen i n t h e KGF e x p e r i m e n t , i t i s n o t a lways 
n e c e s s a r y f o r a p e n e t r a t i n g p a r t i c l e t o be p r e s e n t . 
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I n t h e c r o s s - t u n n e l e v e n t s , 2 a , i t was f o u n d t h a t 
a p p r o x i m a t e l y one t h i r d o f t h e even t s d e p o s i t e d between 5 and 10 
MeV i n one o f t h e two t a n k s , a l e v e l w e l l be low t h a t e x p e c t e d on 
ave rage f r o m a minimum i o n i s i n g p a r t i c l e % w h i l s t t h e d e p o s i t i o n 
i n t h e o t h e r t a n k appeared r e a s o n a b l e when compared w i t h t h e 
v a l u e e x p e c t e d f r o m t h e known a z i m u t h a n g l e , ( t h e p o s i t i o n o f 
t h e t r a c k can be e s t i m a t e d t o + 0 .6 m a l o n g t h e l e n g t h o f t h e t a n k ) 
and an assumed average p a r t i c l e energy and z e n i t h a n g l e . I t i s 
e s t i m a t e d t h a t no more t h a n 20% o f t he se even t s can be e x p l a i n e d 
by assuming t h a t t h e p a r t i c l e passed t h r o u g h a c o r n e r o f t h e 
s c i n t i l l a t o r t a n k . Some o f t h e e v e n t s may be due t o a l o w energy 
e l e c t r o n b e i n g abso rbed i n an e lement on one w a l l w h i l s t t h e p a r e n t 
muon t r a v e r s e s t h e o t h e r w a l l , b u t t h e l a r g e f r a c t i o n o f these 
even t s makes i t u n l i k e l y t h a t t h i s i s t h e comple te e x p l a n a t i o n . 
P a r t i c l e s h a v i n g f r a c t i o n a l c h a r g e s , t h e h y p o t h e t i c a l q u a r k s , 
m i g h t be e x p e c t e d t o d e p o s i t amounts o f ene rgy o f t h e o r d e r o f 
5 - 1 0 MeV, b u t t h e l a c k o f any o t h e r e v i d e n c e f o r t h e i r e x i s t e n c e 
does n o t a l l o w much emphasis t o be p l a c e d on an i n t e r p r e t a t i o n i n 
t e rms o f t h e s e p a r t i c l e s . 
6 . I . 5 The Ra te o f N e u t r i n o - I n d u c e d Muons, 
I f i t i s assumed t h a t a l l c r o s s - t u n n e l even t s o f t h e 
t y p e 2a a r e caused by n e u t r i n o - i n d u c e d muons, u ^ , and t h a t t h e 
c r o s s - t u n n e l m u l t i t a n k even ts 2b and c a r e a t t r i b u t a b l e t o t h e 
same cause , r a t h e r t h a n shower s , o r p a i r 6 or ' b u n d l e s ' o f p a r t i c l e s 
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t r a v e l l i n g i n a near v e r t i c a l d i r e c t i o n g i v i n g r i s e t o a p p a r e n t 
c r o s s - t u n n e l c o i n c i d e n c e s , t h e n an upper l i m i t t o t h e u v f l u x i s 
o b t a i n e d . C o n v e r s e l y , i f i t i s assumed t h a t t hose even t s o f t y p e 
2a w i t h an u n u s u a l l y l o w energy d e p o s i t i o n i n one w a l l a r e n o t 
u ^ s , and t h a t none o f t h e complex even t s i n 2b or c i s a t t r i b u t a b l e 
t o an i n geomet ry u v , t h e n a l o w e r l i m i t t o t h e f l u x i s o b t a i n e d . 
The most r e c e n t e s t i m a t e o f t h e f l u x g i v e n by t h e Johannesburg 
g roup i s t h a t g i v e n above , based on a l m o s t t h r e e y e a r s o f e x p e r -
i m e n t a t i o n . (September 1964 t o June 1967). T h i s i s t h e i n s t r u m -
e n t a l f l u x , w h i c h because o f t h e geometry o f t h e Johannesburg 
a r r a y can b e s t be compared w i t h t h e f l u x t h r o u g h t e l e s c o p e s 3-5 
i n KGF, w i t h w h i c h i t i s i n good agreement . 
The h o r i z o n t a l f l u x may be o b t a i n e d i n t h e manner d e s c r i b e d 
i n s e c t i o n 5*6 by assuming a median n e u t r i n o ene rgy o f 10 GeV t o 
g i v e t h e shape o f t h e c o r r e c t i o n f a c t o r t o be a p p l i e d t o t h e 
d i f f e r e n t i a l a p e r t u r e o f t h e Johannesburg a r r a y . The h o r i z o n t a l 
i n t e n s i t y i s f o u n d t o be 
(2.6 + 0.65 t o 5.8 + 0.9)10" 1 3 c m ^ s e c ^ s t e r a d " 1 , 
a v a l u e t h a t agrees w e l l w i t h t h e v a l u e s f r o m t h e KGF e x p e r i m e n t , 
p l o t t e d i n f i g u r e 5.6. 
6.1.4 The Rate o f A t m o s p h e r i c Muons 
These c o n s t i t u t e t h e m a j o r i t y o f even t s o f t y p e 1. The 
l a t e s t paper a v a i l a b l e c o n t a i n i n g d e t a i l s o f t h e d i f f e r e n t t ypes 
o f even t i s t h a t o f Reines (1966). The r e s u l t s a r e l i s t e d i n 
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t a b l e 6.1. 
T a b l e 6.1 The Johannesburg R e s u l t s 
N o . o f E v e n t s Type o f E v e n t 
23 Two t a n k c r o s s - t u n n e l s i n g l e p a r t i c l e (2a) 
189 S i n g l e t a n k ( l a ) 
35 Two t a n k v e r t i c a l ( l b ) 
19 Three t a n k v e r t i c a l ( l b ) 
k Three t a n k c r o s s - t u n n e l ( ? ) (2b) 
l 4 M u l t i t a n k even t s ( >3 t a n k s ) i n v o l v i n g b o t h w a l l s 
o r i n more t h a n one bay ( l c and 2c) 
The r e s u l t s i n c a t e g o r i e s l a and b can be exp re s sed i n 
t e rms o f ' t a n k i n c i d e n c e s ' , d e f i n e d so t h a t t h e r e a r e 189 + (2 x 35) 
+ (3 x 19) = 316 t a n k i n c i d e n c e s i n t hese two c a t e g o r i e s . The 
d i f f e r e n t i a l a p e r t u r e f o r i n c i d e n c e s f r o m t h e upper hemisphere 
f o r any one t a n k can e a s i l y be c a l c u l a t e d , t h e r e s u l t i n g a p e r t u r e 
f o r t h e sum o f t h e $K s i n g l e t a n k s i n t h e a r r a y i s shown i n f i g u r e 
6.2. The d i f f i c u l t y now a r i s e s o f a s s i g n i n g an a n g u l a r d i s t r i b u t i o n 
t o t h e a t m o s p h e r i c muon e v e n t s . F o r t h e l a c k o f b e t t e r da ta we 
assume t h a t e q u a t i o n ^.5.2.1 h o l d s , f r o m w h i c h n = 9.0, w i t h an 
e r r o r assumed t o be + 1.5• When t h e d i f f e r e n t i a l a p e r t u r e o f 
Q 
f i g u r e 6.2 i s m u l t i p l i e d b y cos 0 and i n t e g r a t e d , i t i s f o u n d t h a t 
t h e t o t a l e f f e c t i v e a p e r t u r e f o r t h e sum o f a l l t h e s i n g l e t a n k s 
F i g u r e 6.2. 
The D i f f e r e n t i a l Aperture of the Johannesburg Array for 
Downward T r a v e l l i n g Muons. 
D i f f e r e n t i a l 
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i n t h e upper hemisphere i s 44.2 m s t e r a d . The e f f e c t i v e r u n n i n g 
t i m e f o r t h e t o t a l a r r a y was 0.93 y e a r s . 
B e f o r e t h e v e r t i c a l a t m o s p h e r i c i n t e n s i t y can be c a l c u l a t e d 
t h e number o f t a n k i n c i d e n c e s caused by must be deduc t ed f r o m 
t h e o b s e r v e d t o t a l . The t o t a l a p e r t u r e i n b o t h hemispheres f o r 
t h e sum o f t h e 54 t a n k s i s 1231.1 m s t e r a d ( G u r r 1966) and t h e 
t o t a l a p e r t u r e f o r c r o s s - t u n n e l even t s i s 324 m s t e r a d . The 
a p e r t u r e f o r even t s i n c a t e g o r i e s l a and b i s t h u s 907.1 
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m s t e r a d , w h i c h w i t h a r u n n i n g t i m e o f 0.93 y a » d an i n t e n s i t y o f 
(3.25 * ^*^)10" 1 3 c m ^ s e c ^ s t e r a d " 1 i n d i c a t e s t h a t 86 * ^ t a n k 
*f* 32 
i n c i d e n c e s were caused by e v e n t s , l e a v i n g 230 * ^ a t t r i b u t a b l e 
t o a t m o s p h e r i c muons, u . However , no a c c o u n t has been t a k e n o f 
a 
t h e m u l t i t a n k e v e n t s , t y p e l c . I f i t i s assumed t h a t h a l f o f t h e 
14 even t s l i s t e d above a r e o f t y p e l c and t h a t each o f them i n v o l v e s 
~2 t a n k i n c i d e n c e s , t h e n t h e t o t a l number o f t a n k i n c i d e n c e s 
a t t r i b u t a b l e t o u & s i s 244 * T h i s r e s u l t s i n a v e r t i c a l 
i n t e n s i t y o f (1.9 + 0 . 4 ) 1 0 - 1 1 c m ^ s e c ' ^ s t e r a d " 1 . I f t h e i n a c c u r a c y 
i n h e r e n t i n t h e a s s u m p t i o n t h a t n = 9.0 i s t a k e n i n t o a c c o u n t , a 
f i n a l i n t e n s i t y o f I = (1.9 + 0.7)10" 1 : L c m ^ s e c ^ s t e r a d " 1 i s 
o b t a i n e d . I t must be p o i n t e d o u t t h a t t h i s assumes t h a t no even t s 
a r e o u t o f g e o m e t r y , i . e . t h a t a p e n e t r a t i n g muon was obse rved i n 
each case t o pass t h r o u g h t h e accep tance o f t h e d e t e c t o r . However , 
f o r v a r i o u s r e a s o n s , t h e c h i e f o f w h i c h i s t h a t t h e accompanying 
p a r t i c l e must d e p o s i t a t l e a s t 20 MeV i n t h e s c i n t i l l a t o r , t h e 
a s s u m p t i o n i s t h o u g h t t o be a r e a s o n a b l e one . 
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I n t h e paper d e l i v e r e d t o t h e C a l g a r y Cosmic Ray Confe r ence 
(Reines e t a l . 1967) 28 even t s were o b s e r v e d t o be i n c a t e g o r y 2a, 
o f w h i c h 3 were i n c l a s s ( i ) , 12 i n c l a s s ( i i ) and 13 i n c l a s s ( i i i ) . 
These r a t e s , when t a k e n w i t h t h e r e l e v a n t a p e r t u r e s and r u n n i n g 
t i m e s , s e p a r a t e l y c o n f i r m t h e u u i n t e n s i t y q u o t e d i n t h e p a p e r , 
b u t more p a r t i c u l a r l y i t can be shown t h a t ~3 even t s o f u v o r i g i n 
a r e e x p e c t e d t o f a l l i n c l a s s 2 a ( i ) , c o n f i r m i n g t h a t t h e a t m o s p h e r i c 
muon r a t e d e t e c t e d by t h e a p p a r a t u s a t 0 >^3° i s n e g l i g i b l e , 
c e r t a i n l y l e s s t h a n one event t o d a t e . Thus i t i s n o t p o s s i b l e t o 
d i f f e r e n t i a t e between an e x p o n e n t i a l and a c o s i n e power l a w 
o p e r a t i n g i n t h e a t m o s p h e r i c a n g u l a r d i s t r i b u t i o n , f r o m an a n a l y s i s 
o f t h e number o f even t s i n d i v i s i o n 2 a ( i ) . 
6.1.5 C o n c l u s i o n s and F u t u r e Developments o f t h e E x p e r i m e n t 
S u m m a r i s i n g , t h e r e s u l t s o f t h e Johannesburg e x p e r i m e n t 
a r e i n good agreement w i t h t h o s e o f t h e KGF e x p e r i m e n t , c o n f i r m i n g 
t h a t t h e u n d e r g r o u n d n e u t r i n o - i n d u c e d muon f l u x e x i s t s , and has a 
magn i tude c l o s e t o t h a t e x p e c t e d f r o m an e x t r a p o l a t i o n o f t h e 
machine n e u t r i n o - n u c l e o n c r o s s - s e c t i o n s . The f l u x obse rved i n 
t h e near v e r t i c a l d i r e c t i o n i s somewhat l o w e r t h a n m i g h t be expec t ed 
f r o m t h a t o b s e r v e d a t t h e KGF s i t e , b u t t h e d i s c r e p a n c y , w h i c h i s 
w i t h i n t h e s t a t i s t i c a l l i m i t s o f u n c e r t a i n t y , i s n o t s u f f i c i e n t t o 
d e t e r m i n e t h e shape o f t h e a n g u l a r d i s t r i b u t i o n o f a t m o s p h e r i c 
muons a t t h e s e d e p t h s . The f e a t u r e o f t h e e x p e r i m e n t w h i c h 
r emains p a r t i a l l y u n e x p l a i n e d i s t h e a p p a r e n t l o w energy d e p o s i t i o n 
7 - J A N 1 % S 
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o f some o f t h e p e n e t r a t i n g c r o s s - t u n n e l p a r t i c l e s . I t i s p o s s i b l e 
t h a t t h e s e even t s may be r e l a t e d t o t h e weak p h o t o n s h o w e r s , 
m e n t i o n e d i n s e c t i o n 5*8. 
S i n c e i t was r e a l i s e d , some t i m e a g o , t h a t t h e l i m i t s on 
t h e p r e s e n t expe r imen t came c h i e f l y f r o m t h e l a c k o f a v i s u a l 
r e c o r d o f t h e passage o f a p a r t i c l e t h r o u g h t h e d e t e c t o r , p l a n s 
have been made t o t r a n s f e r t h e e x p e r i m e n t t o an e n l a r g e d s i t e 
s l i g h t l y deeper and t o i n s t a l l 12 l a y e r s o f neon f l a s h t u b e s 
between t h e two s c i n t i l l a t o r w a l l s . W i t h t h e a d o p t i o n of, t h i s 
t e c h n i q u e i t may w e l l be p o s s i b l e t o i n t e r p r e t f u r t h e r t h e r e s u l t s 
so f a r o b t a i n e d , as w e l l as t o a c q u i r e more p r e c i s e e s t i m a t e s o f 
t h e m a g n i t u d e and d i r e c t i o n o f t h e muon f l u x . 
6.2 The U t a h E x p e r i m e n t 
A l t h o u g h p r i m a r i l y d e s i g n e d t o d e t e c t n e u t r i n o - i n d u c e d 
muons, t h i s e x p e r i m e n t d i f f e r s c o n s i d e r a b l y f r o m t h e t w o p r e v i o u s l y 
d i s c u s s e d . S i t e d a t a dep th o f abou t 1500 m . w . e . s t a n d a r d r o c k i n 
a mine nea r S a l t Lake C i t y , U t a h , t h e d e t e c t o r r e l i e s on t h e 
unambiguous d e t e r m i n a t i o n o f t h e sense o f d i r e c t i o n o f t h e muons 
t r a v e r s i n g t h e a p p a r a t u s t o d i s t i n g u i s h between a t m o s p h e r i c and 
n e u t r i n o - i n d u c e d muons. 
6.2.1 D e s c r i p t i o n o f t h e A p p a r a t u s 
The development o f a n o v e l t y p e o f c y l i n d r i c a l s p a r k 
c o u n t e r and a l a r g e a rea Cerenkov c o u n t e r enab l ed a c o m p l e t e l y 
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new approach t o be t r i e d . The d e t e c t o r i s i l l u s t r a t e d s c h e m a t i c a l l y 
i n f i g u r e 6 . J . The f o u r Cerenkov c o u n t e r s , each c o n s i s t i n g o f a 
w a t e r f i l l e d c o n c r e t e t a n k 6 x 10 x 1 v? p r o v i d e t h e c o i n c i d e n c e 
t r i g g e r f o r t h e banks o f c y l i n d r i c a l s p a r k c o u n t e r s . M i r r o r s cove r 
2 2 2 t h e 1 x 6 m and 1 x 10 m s u r f a c e s o f t h e t a n k s . Each 6 x 10 m 
s u r f a c e i s c o v e r e d by an a r r a y o f l i g h t c o l l e c t o r e lements w h i c h 
a r e 6 f t l o n g , 1.75 I n d i a m e t e r p l a s t i c t u b e s f i l l e d w i t h m i n e r a l 
o i l and a wave s h i f t e r . A 2 i n d i a m e t e r p h o t o m u l t i p l i e r v iews 
one end o f each t u b e and a m i r r o r cove r s t h e o t h e r . The a r r a y s , 
on o p p o s i t e w a l l s o f each Cerenkov c o u n t e r , enab le t h e d i r e c t i o n 
o f t r a v e r s a l o f a minimum i o n i s i n g p a r t i c l e t o be d e t e r m i n e d s i n c e , 
t y p i c a l l y , 25 t o 50 p h o t o - e l e c t r o n s a r e p roduced i n one a r r a y a f t e r 
t h e Cerenkov l i g h t has been t r a p p e d and wave s h i f t e d , w h i l s t v e r y 
f e w a r e p roduced i n t h e o p p o s i t e c o l l e c t o r s . Data r e c o r d i n g 
i n c l u d e s t h e p u l s e h e i g h t s f r o m each Cerenkov a r r a y as w e l l as 
t h e r e l a t i v e t i m e o f t h e p u l s e s , so t h a t i n t h e most f a v o r a b l e 
case t h e d i r e c t i o n o f t h e muon i s d e t e r m i n e d by f o u r independen t 
Cerenkov measurements and t h r e e t i m e o f f l i g h t measurements . 
The even t r a t e , t r i g g e r e d on any one Cerenkov c o u n t e r 
t h a t i n d i c a t e s an ene rgy r e l e a s e o f abou t 200 MeV, ( t h e p a r t i c l e 
t r a v e l l i n g c l o s e t o t h e h o r i z o n t a l so t h a t most o f t h e l i g h t s t r i k e s 
a s i n g l e c o l l e c t o r s u r f a c e ) , i s about k p e r m i n u t e . S p e c i f i c a l l y 
upward t r a v e l l i n g muons can t h e n be a t t r i b u t e d t o a n e u t r i n o 
o r i g i n . 
The c y l i n d r i c a l s p a r k c o u n t e r s f i l l t h e r o l e o c c u p i e d by 
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the ne6n f l a s h tubes i n the KGF experiment . They resemble g ian t 
Geiger counters 15 cm i n diameter by 10 m l o n g . A c e n t r a l wi re 
a t 6 kV runs the l e n g t h o f the counter , which i s f i l l e d w i t h 
50 cm Hg o f argon and 25 cm Hg e thy lene , and the a p p l i c a t i o n of 
a 1.7 us 2 kV pulse causes a sha rp ly l o c a l i s e d corona spike a t the 
p o i n t of i o n i z a t i o n . The streamer on ly b u i l d s out t o about 3 nun 
from the centre w i r e before quenching takes p l ace . Microphones 
mounted i n s i d e the counter a t e i t h e r end r eco rd the discharges, 
and t h i s simple technique has been found t o g ive a r e s o l u t i o n o f 
the p o s i t i o n of the spike a long the tube of about 3 mm when a 
s i n g l e p a r t i c l e has penetra ted the counter . Severa l p a r t i c l e s 
can be recorded a t the same t ime i n a g iven counter p rov ided t ha t 
they are separated by about 15 cm. The e f f i c i e n c y o f the counters 
was measured as be ing very close t o 100%. 
The two regions o f magnetised i r o n , which are each i n a 
f i e l d o f 16 k.gauss, are expected t o a l l o w the momentum o f p a r t i c l e s 
t o be determined up t o a maximum detec table momentum o f about 
100 GeV/c. 
The design and development of the de tec tors used i n the 
experiment have been descr ibed f u l l y by K e u f f e l and Parker (1967) , 
H i l t o n et a l . (1967) and Bergeson and Wolfson (1967) . The progress 
of the experiment has been r epor t ed by Bergeson et a l . (1965 and 
1967) . 
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6 .2 .2 Resul t s and Conclusions 
I n order t h a t the de tec tors t o be used i n the underground 
experiment might be t e s t e d , a h a l f scale p ro to type was b u i l t on 
s u r f a c e , and was s u c c e s s f u l l y operated f rom March t o August 1966, 
d e t e c t i n g more than 2.10^ cosmic r ay muons. Th i s p i l o t experiment, 
which p rov ided many u s e f u l r e s u l t s as w e l l as t e s t i n g the design 
f o r the f u l l scale experiment , was the f i r s t i n which muon p a i r 
p roduc t ion by muons was c o n c l u s i v e l y de tec ted . (Mor r i s and 
Stenerson 1967) . 
The underground de tec tor began ope ra t ing i n A p r i l 1967, 
and u n t i l June t h i s year had logged a number o f atmospheric muons, 
but no upward t r a v e l l i n g neu t r ino - induced muons had been de tec ted . 
(Bergeson et a l . 1967)• The aper ture of the experiment i s 
•vl60 m s t e r a d , which taken w i t h a measured i n t e n s i t y o f 
•v3»10""^ cm ^sec""''"sterad \ i n d i c a t e s t h a t about one n e u t r i n o event 
a f o r t n i g h t might be expected t o have been de tec ted . The 'no count ' 
r e s u l t i s t h e r e f o r e not unexpected, s ince the 'on t i m e ' o f the 
de tec tor was on ly three weeks. 
The s u r p r i s i n g f e a t u r e of the r e s u l t s , as r e p o r t e d at 
the Calgary Cosmic Ray Conference i n the middle of June 1967, was 
the angular d i s t r i b u t i o n o f the atmospheric muons. Th i s d i s t r i b u t i o n 
i s reproduced i n f i g u r e 6 . 4 . The p r e d i c t e d number, Nu(pred ic ted) 
i s based on the summary o f Menon and Ramana Murthy (1967) o f the 
d e p t h = i n t e n s i t y curve . The two sets o f p o i n t s are ob ta ined , w i t h 
and w i thou t the sec8 c o r r e c t i o n term f o r the enhanced n - u decay 
Figure 6.4. 
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i n the atmosphere, discussed i n s e c t i o n k.k. I f c o r r e c t , t h i s 
graph would i n d i c a t e t ha t the sec0 term d i d not apply a t angles 
grea ter than about ^ 5 ° , a r e s u l t only appa ren t ly e x p l i c a b l e , 
accord ing t o the Utah group, by assuming tha t p ion decay i s not 
the p roduc t ion mechanism o f the muons observed, but r a t h e r t ha t 
they are produced e i t h e r by the decay of very shor t l i v e d secondaries 
or d i r e c t l y i n the nuclear i n t e r a c t i o n s o f the p r imar ies and t h e i r 
secondaries i n the upper atmosphere. This r e s u l t seems t o be i n 
c o n t r a d i c t i o n w i t h the p r e d i c t i o n s of quantum elec t rodynamics , 
s ince the c ros s - sec t i on f o r d i r e c t muon p roduc t ion would need t o 
be «vlO^ greater than t ha t expected on the basis of accepted theor ies 
( J . Wdowczyk: p r i v a t e communication). 
A more l i k e l y exp lana t ion i s the breakdown o f the c o r r e c t -
ness of the sec6 term a t h igh angles because o f the f i n i t e curvature 
of the atmosphere, e s p e c i a l l y i f the i n t e r a c t i o n s g i v i n g r i s e t o 
the p ions , which subsequently decay t o muons, take place very h igh 
i n the atmosphere. T h i s , coupled w i t h the survey o f Menon and 
Eamana Mur thy , (which as a l ready noted g i v e s , perhaps, a r a t h e r 
h igh est imate of the muon f l u x a t great depths , ) and the inaccuracies 
inherent i n the e s t i m a t i o n of the e f f e c t i v e depth (and i t s c o r r e c t i o n 
t o s tandard r o c k , ) f o r a sur face topography as complicated as t h a t 
e x i s t i n g i n the Utah experiment, where the exper imenta l s i t e i s a t 
the centre of a mountain, may account f o r a good deal o f the e f f e c t 
observed. However, the r e s u l t c l e a r l y needs very c a r e f u l examination 
and i t i s t o be hoped t h a t the f u l l e r ana lys i s by the Utah group, 
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which i s p r e s e n t l y i n hand, w i l l c l a r i f y some o f the a m b i g u i t i e s . 
I t i s i n t e r e s t i n g t o note t h a t many workers have found 
a d e f i c i e n c y o f events a t h i g h angles t o the v e r t i c a l w h i l s t 
work ing a t depths ^1500 m . w . e . , r e s u l t i n g i n the observa t ion of 
a value of n , the exponent o f the angular d i s t r i b u t i o n , t h a t i s 
h igher than t h a t expected f rom the d e p t h - i n t e n s i t y curve w i t h the 
usua l see© c o r r e c t i o n . This d i s p a r i t y can be seen i n f i g u r e k.km 
Because the Utah experiment can p o t e n t i a l l y be t r i g g e r e d 
on events o c c u r r i n g w i t h i n the 2000 ton b u l k of the apparatus, 
i t should be poss ib le t o r e g i s t e r the p roduc t ion o f secondaries of 
n e u t r i n o i n t e r a c t i o n s very close t o the p o i n t of the i n t e r a c t i o n . 
A knowledge o f the energies and r e l a t i v e d i r e c t i o n s of emission of 
the secondaries , which should be a v a i l a b l e i n the most f avorab le 
cases, w i l l be o f great use i n de te rmining the p r i n c i p a l mode 
of i n t e r a c t i o n and the form of the i n t e r a c t i o n c ros s - sec t ion a t 
n e u t r i n o energies h igher than the 10 GeV c u r r e n t l y a v a i l a b l e from 
a c c e l e r a t o r s . 
The approach used by the Utah team would seem t o be the 
most p romis ing one devised t o date , though on ly a f t e r an extended 
p e r i o d o f observat ion w i l l i t be poss ib le t o see i f the p a r t i c u l a r 
problems t h a t beset an underground detec tor have been s u c c e s s f u l l y 
r e s o l v e d . 
Chapter 7 
RECENT DEVELOPMENTS IN THE K.G.F . EXPERIMENTAL PROGRAMME 
7 « 1 I n t r o d u c t i o n : The Energy Spectra of Neu t r ino- Induced Muons 
A t h e o r e t i c a l study o f the n e u t r i n o i n t e r a c t i o n c ross -
sec t ions and the p roduc t ion spect ra of muons emerging f rom a 
neu t r ino-nuc leus c o l l i s i o n showed t h a t a s i g n i f i c a n t number of 
the neu t r ino- induced muons probably had an energy a t the de tec tor 
o f less than 30 GeV. This conc lus ion was conf i rmed by the evidenc 
f rom the e lectromagnet ic accompaniment o f muons coming f rom near 
h o r i z o n t a l d i r e c t i o n s , as has been expla ined i n chapter 3« A very 
recent paper on the energy spec t ra of atmospheric and n e u t r i n o -
induced muons at the KGF s i t e (Cra ig et a l . 1967) gave the theore t 
i c a l est imates reproduced i n t a b l e 7 . 1 . 
From these cons idera t ions i t was thought wor thwhi le t o 
b u i l d two spectrographs underground i n the KGF l a b o r a t o r y w i t h 
the aim o f examining the momentum o f the neu t r ino - induced muons 
up t o a maximum of about 30 GeV/c. I t was r e a l i s e d t h a t even w i t h 
l a r g e area detectors the r a t e o f events whose momenta could be 
measured accu ra t e ly would be low, so i t was decided t o mod i fy the 
design o f a conven t iona l spectrograph t o accept muons f rom the 
near v e r t i c a l as w e l l as the h o r i z o n t a l . A d iscuss ion o f the 
spectrographs i s given i n the next s e c t i o n . Subsequent sec t ions 
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deal w i t h the f i r s t r e s u l t s f rom these detec tors and summarise 
the plans f o r the KGF exper imenta l programme. 
Table 7 . 1 Mean Energies Expected a t the Detector f o r N e u t r i n o -
Induced Muons f rom the H o r i z o n t a l 
Processes and Cross-sect ions E (GeV) 
i ) E l a s t i c + <r. , a t o 10 GeV, then cons t . 8.8 m e l ^ ' 
i i ) E l a s t i c + cf. n a E_ t o 10 GeV, then cons t . 80 m e l » * 
i i i ) ( i ) + Boson p r o d u c t i o n , m w = 1.8 GeV 28 
i v ) ( i ) + Boson p r o d u c t i o n , m = 3 . 0 GeV 27 
w 
v) ( i i ) + Boson p r o d u c t i o n , m = 1.8 GeV 60 
w 
v i ) ( i i ) + Boson p r o d u c t i o n , m = 3 . 0 GeV 76 
7 .2 The Magnetic Spectrographs 
The g i f t of approximate ly 100 tons o f s o f t i r o n f rom the 
Yawata I r o n and S t e e l Company, Japan, made i t poss ib le t o b u i l d 
two spect rographs , r a t h e r than the a l t e r n a t i v e p r o p o s i t i o n of a 
f u r t h e r ex tens ion o f the e x i s t i n g a r r a y by adding more u n i t s o f 
the te lescope 1 t y p e . A f t e r a design s tudy a compromise between 
magnet area and th ickness was reached so t h a t the spectrograph 
magnets were i d e n t i c a l i n having a th ickness of ko cm and an area 
of 2 x k m . The advantage of a t h i c k , h i g h f i e l d magnet i s t h a t 
i t gives a b e t t e r magnetic d e f l e c t i o n t o s c a t t e r i n g r a t i o than a 
t h i n n e r magnet would a l l o w , a l though the l a t t e r has a l a r g e r 
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acceptance area i f on ly & f i x e d weight of s o f t i r o n i s a v a i l a b l e . 
Between November 1966 and May 1967 two spectrographs of 
the type i l l u s t r a t e d schemat ica l ly i n f i g u r e 7»1 were c o n s t r u c t e d . 
The magnets are each composed of ko s o f t i r o n blocks 10 cm t h i c k , 
2 
and wound w i t h 25 t u rns o f 5 x 0.5 cm c ros s - sec t i on aluminium 
b e l t on each of the f o u r magnet arms. F igu re 7 .2 i s a diagram o f 
one of the magnets. The curved end-pieces complete the f l u x 
l i nkage t o g ive an approximate ly u n i f o r m f i e l d i n each of the 
f o u r arms o f Ik k.gauss when a cu r r en t of 250 amps i s passed 
through the c o i l s . 
The s c i n t i l l a t o r elements are i d e n t i c a l t o those used i n 
2 
telescopes 1 t o 5 i e igh t elements cove r ing each of the 2 x k m 
sides w i t h f o u r f u r t h e r elements mounted on top o f the spec t ro -
graphs . 
A master pulse i s generated by any f o u r f o l d coincidence 
i n v o l v i n g two p a i r s o f p h o t o m u l t i p l i e r s , each p a i r of tubes v iewing 
a separate s c i n t i l l a t o r element. The coincidences thus f a l l i n t o 
two groups, those i n v o l v i n g t op - s ide coinc idences , almost e n t i r e l y 
a t t r i b u t a b l e t o atmospheric muons and t h e i r secondaries , and those 
i n v o l v i n g s ide - s ide coincidences . Muons causing s ide - s ide c o i n c i d -
ences must have a z e n i t h angle grea ter than 2 6 . 5 ° , because of the 
s c i n t i l l a t o r geometry, and are t h e r e f o r e l i k e l y t o be a m i x t u r e , 
those of atmospheric o r i g i n predominat ing over those of a n e u t r i n o 
o r i g i n . 
The neon f l a s h tubes were loaded i n t o the t r a y s w i t h 
Figure 7*1 
A F ron t View of one of the KGF Magnetic Spectrographs 
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g rea te r care than had been given t o the t r a y s o f e a r l i e r te lescopes , 
two t r a y s 1 m h igh by 2 m l o n g placed back t o back g i v i n g the 4 m 
long coverage r e q u i r e d . Each spectrograph contains 20 f l a s h tube 
t r a y s arranged as i l l u s t r a t e d i n f i g u r e 7 . 1 . The b a c k - f r o n t 
al ignment i s es t imated t o have an average e r r o r of + 2 mm f o r any 
f l a s h tube , g i v i n g a maximum detec table momentum o f about *f0 GeV/c 
f o r a p a r t i c l e t r a v e l l i n g close t o the h o r i z o n t a l , i f i t i s assumed 
t h a t no s c a t t e r i n g takes p l ace . 
I t can be shown t h a t the Coulomb s c a t t e r i n g and magnetic 
d e f l e c t i o n of a muon i n the magnet are r e l a t e d by 
^mag^scat ( r .m . s . ) 
where t i s the 
m 
p r o j e c t e d path l e n g t h i n the magnet, normal t o the f l u x l i n e s , 
and t i s the s p a t i a l path l e n g t h o f the muon through the magnet. 
For a normal incidence t = t = kO cm and the rms value o f 
m s 
Coulomb s c a t t e r i n g w i l l be 42% of the magnetic d e f l e c t i o n . 
The end v e r t i c a l s c i n t i l l a t o r elements were masked where 
the f i e l d d i r e c t i o n was greater than about 3 0 ° t o the h o r i z o n t a l so 
t ha t the spectrograph would not accept p a r t i c l e t r a j e c t o r i e s t h a t 
passed through a r e g i o n of the magnet whose f i e l d was g r e a t l y 
d i f f e r e n t f rom lk k .gauss . The d i f f e r e n t i a l aper ture of one o f 
the spectrographs i s drawn out i n f i g u r e 7 . 3 , the c a l c u l a t i o n 
be ing based on the dimensions given i n t a b l e 7 . 2 . (Osborne: 
p r i v a t e communicat ion) . I t i s assumed t h a t the s c i n t i l l a t o r 
th ickness i s n e g l i g i b l e , making the d i f f e r e n t i a l aper ture zero a t 
Figure 7.3 
D i f f e r e n t i a l Aperture of a KfrF Magnetic Spectrograph 
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6 = 0 . The t o t a l aper ture f o r i s o t r o p i c r a d i a t i o n i s 38.8 m s t e r a d , 
a value which should be reduced by about 18% t o a l l o w f o r s c i n t i l l -
a t o r gaps and masking. 
Table 7.2 C h a r a c t e r i s t i c s of the Spectrograph S c i n t i l l a t o r 
C onf i g u r a t i o n 
S c i n t i l l a t o r top 
Length 
Width 
Separa t ion o f h o r i z o n t a l centre plane 
f rom top o f s ide s c i n t i l l a t o r w a l l 
S c i n t i l l a t o r w a l l s 
Length 
Height 
Separa t ion (cen t re t o cen t re ) 
O r i e n t a t i o n 
Spectrograph 1 
Spectrograph 2 
Value (cm) 
100 
39.0 
*U7 
209 
103.5 
(°West o f Nor th ) 
15.2 
10.5 
8.25 
I f an angular d i s t r i b u t i o n o f IQ = I v c o s 0 i s assumed 
t o h o l d f o r atmospheric muons, then the t o t a l e f f e c t i v e aper ture 
f o r atmospheric muons i s 1.21 m s t e r a d . A f t e r an allowance f o r 
gaps i t i s es t imated t ha t the r a t e o f atmospheric muons through 
e i t h e r spectrograph should be approximate ly 4.10*^ h r ~ \ 
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Using the r a t e o f neu t r ino - induced muons observed t o 
t r ave r se telescopes 1 and 2, the expected r a t e through each 
spectrograph i s i n the r eg ion of 3.5 x 10 h r f s ince the aper ture 
f o r neu t r ino - induced muons f rom both hemispheres i s 3$.€ m s t e r ad 
a f t e r a l l o w i n g f o r gaps. Poss ib ly h a l f o f these events w i l l pass 
through the magnet and the outer neon f l a s h tube t r ays i n such a 
way t h a t the momentum o f the muons can be measured t o g ive a u s e f u l 
r e s u l t . 
7.3 P r e l i m i n a r y Resul ts and Fur the r Developments 
I n the p e r i o d 12th May t o 1st August 1967 a t o t a l o f 10 
events were recorded i n the spectrographs i n a running t ime of 
approximate ly 2600 spectrograph-hours . These events w i l l not be 
discussed i n d e t a i l s ince t h e i r ana lys i s i s a t a very p r e l i m i n a r y 
s tage . A l l but one of the events i s a t op - s ide coincidence , as 
might be expected, however some o f the events f a i l t o show a 
p e n e t r a t i n g p a r t i c l e s ince there i s no absorber between the top 
and s ide s c i n t i l l a t o r elements, other than the magnet. 
An event , S6, i s i l l u s t r a t e d i n f i g u r e 7.^. Th is event 
i s a t y p i c a l downward t r a v e l l i n g muon producing secondary p a r t i c l e s 
i n the magnet. From the complexi ty of t h i s and other events i t 
i s c l ea r t h a t the i n t e r p r e t a t i o n w i l l be d i f f i c u l t unless absorber 
i s p laced between the top s c i n t i l l a t o r elements and the upper 
h o r i z o n t a l f l a s h tube t r a y s . I n i t i a l l y i t i s proposed t ha t r £ " 
of i r o n w i l l be used ( ~2.1 r a d i a t i o n l eng ths ) as t h i s i s r e a d i l y 
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a v a i l a b l e , but i d e a l l y 5 r a d i a t i o n lengths of i r o n would be p r e f e r -
able to e l i m i n a t e f o u r f o l d coincidences t r i g g e r e d by showers from 
the rock c e i l i n g . 
7 mh Conclusion 
I t i s to be hoped tha t the two spectrographs w i l l provide 
answers to s e v e r a l of the major problems s t i l l outstanding i n the 
KGF experiment. 
The top-side s c i n t i l l a t o r c oincidences w i l l give inform-
a t i o n on the angular d i s t r i b u t i o n and electromagnetic accompaniment 
of atmospheric muons. The greater accuracy with which the angular 
d i s t r i b u t i o n can be defined w i l l enable the i n f e r e n c e of atmospheric 
i n t e n s i t i e s a t greater depths and w i l l a i d the s e p a r a t i o n of 
atmospheric and neutrino-induced components. 
More d e t a i l e d information on the electromagnetic accompan-
iment w i l l help to confirm the t e n t a t i v e c onclusions reached i n 
chapter 3 on the mean energy of atmospheric muons a t 7500 m.w.e. 
and w i l l show up any p a i r s of muons that a r r i v e from the near 
v e r t i c a l d i r e c t i o n . 
Although the r a t e of accumulation w i l l be slow, the 
p o s s i b i l i t y e x i s t s of determining the c h i e f mode of i n t e r a c t i o n 
of neutrinos with n u c l e i from a knowledge of the mean energy, a t 
the detector, of neutrino-induced muons. The i n c r e a s e d r a t e of 
detected by the seven a r r a y s now i n s t a l l e d a t KGF w i l l enable a 
more accurate l i m i t to be placed on the u f l u x , which coupled with 
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the momentum data should i n d i c a t e the form of the i n e l a s t i c 
c r o s s - s e c t i o n a t energies higher than 10 GeV, as w e l l as a l l o w i n g 
a higher upper l i m i t to be placed on the mass of the intermediate 
boson, or enabling i t s d e t e c t i o n . 
Chapter 8 
SUMMARY 
8 . 1 Atmospheric Muons 
The use of a v i s u a l technique i n the form of the neon 
f l a s h tube to detect muons has enabled a wealth of data to be 
accumulated on the c h a r a c t e r i s t i c s of muons a r r i v i n g a t a detector 
at a depth of 7500 m.w.e. The r e s u l t s of the a n a l y s i s of the exper-
imental information l i s t e d i n appendix A can be considered under 
three headings: electromagnetic accompaniment, angular d i s t r i b u t i o n 
and v e r t i c a l i n t e n s i t y . 
The electromagnetic accompaniment of muons by a s o f t 
component was reviewed i n chapter 3» The observations of Achar 
et a l . (1965a) a t depths l e s s than 5000 m.w.e. were shown to be 
i n accord with an expectation based on the mean muon energy which 
was derived from the sea l e v e l muon energy spectrum and the range-
energy r e l a t i o n for Kolar rock. The broad assumption that muons 
at 7500 m.w.e. with a p r o j e c t e d z e n i t h angle of l e s s than 5 0 ° 
were atmospheric i n o r i g i n l e a d to the con c l u s i o n that t h e i r mean 
energy was i n the region of 500 GeV, a value that was higher than 
that expected from an exponential d e p t h - i n t e n s i t y r e l a t i o n of the 
type suggested by Menon et a l . ( 1 9 6 7 a ) . The r e s u l t could be 
-9 explained on the assumption th a t the muon i n t e n s i t y f a l l s as D 
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(where D i s the depth below ground l e v e l ) s i n c e t h i s r e l a t i o n 
p r e d i c t s a mean energy of ^90 GeV f o r the atmospheric muons 
observed i n the KGF neutrino experiment. 
Confirmation of a non-exponential d e p t h - i n t e n s i t y r e l a t i o n 
was found i n an a n a l y s i s of the angular d i s t r i b u t i o n of the events. 
When the events expected from an approximately i s o t r o p i c d i s t r i b u -
t i o n of neutrino-induced muons are s u b t r a c t e d from the observed 
d i s t r i b u t i o n , the remaining events have a: r a t h e r f l a t d i s t r i b u t i o n . 
The marked excess of events a t about ^ 5 ° p.z.a. over that expected 
from an exponential angular d i s t r i b u t i o n can be explained i n 
s e v e r a l ways. F i r s t l y i t could represent an upward s t a t i s t i c a l 
f l u c t u a t i o n on expectation; t h i s seems u n l i k e l y s i n c e the excess 
has a chance occunence of l e s s than 3 . 5 # « 
Secondly i t could be caused by neutrino-induced events. 
An assessment of t h i s p o s s i b i l i t y has been made by C r a i g et a l . 
( 1 9 6 7 ) . The only mechanism thought to e x i s t that would give an 
excess of events s p e c i f i c a l l y a t angles i n the region k0°- 5 0 ° i s 
that of the Glashow resonance s i n c e , i f i t e x i s t s , the E a r t h w i l l 
no longer be transparent to e l e c t r o n neutrinos of the resonance 
energy. However to account f or the observed excess of events they 
found th a t a v e l o c i t y d i s t r i b u t i o n of the atomic e l e c t r o n s i n rock 
would be needed th a t was very d i f f e r e n t from the one b e l i e v e d to 
e x i s t and t h a t a much higher neutrino i n t e n s i t y a t energies of 
s e v e r a l thousand GeV would be r e q u i r e d . 
The t h i r d , and most l i k e l y explanation of the events i s 
that the d e p t h - i n t e n s i t y r e l a t i o n i s not exponential and that the 
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angular d i s t r i b u t i o n follows a c o s n 8 law even a t very great depths', 
a f i n d i n g t h a t i s i n accord with that from an a n a l y s i s of the e l e c t -
romagnetic accompaniment. 
A knowledge of the angular d i s t r i b u t i o n of muons a t 
7500 m.w.e. enabled an estimate to be made of the d e p t h - i n t e n s i t y 
r e l a t i o n a t greater depths. The s i n g l e experimental observation 
of Reines ( 1966) a t 85OO m.w.e. gave a r e s u l t that was not s u f f i c i e n t -
l y a c c u r a te enough to confirm the proposed r e l a t i o n , but the depth-
i n t e n s i t y r e l a t i o n obtained from the primary cosmic r a y spectrum of 
Gre i s e n by C r a i g e t a l . (1967) was c l o s e to that p r e d i c t e d from 
the observed angular d i s t r i b u t i o n of muons a t 7500 m.w.e. C r a i g 
et a l . used g e n e r a l l y accepted models and r e l a t i o n s h i p s for the high 
energy i n t e r a c t i o n s of the p r i m a r i e s , the propagation and m u l t i -
p l i c i t y of the sec o n d a r i e s , and the d e r i v a t i o n of the sea l e v e l 
muon spectrum and i t s t r a n s l a t i o n , v i a the energy-loss curve and 
f l u c t u a t i o n c o r r e c t i o n , to the d e p t h - i n t e n s i t y r e l a t i o n . T h i s 
t h e r e f o r e tends to i n d i c a t e that the d e p t h - i n t e n s i t y r e l a t i o n 
derived from the angular d i s t r i b u t i o n of muons a t 7500 m.w.e. i s 
compatible with p r e s e n t l y accepted t h e o r i e s . 
The continued operation of the seven detectors at KGF 
should give a t o t a l number of events that i s l a r g e enough to give 
a r e l a t i v e l y unambiguous i n d i c a t i o n of the angular d i s t r i b u t i o n , 
and hence the d e p t h - i n t e n s i t y r e l a t i o n a t greater depths. 
The p o s s i b l e anisotropy observed i n the a r r i v a l d i r e c t i o n s 
of atmospheric muons a t 7500 m.w.e. could be explained by a high 
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magnetic f i e l d component normal to the l i n e of sigtt: i n the d i r e c t i o n 
of the anisotropy, but u n t i l b e t t e r s t a t i c s are a v a i l a b l e such 
i n f e r e n c e s a r e only s p e c u l a t i v e . 
I n response to a paper by H i g a s h i et a l . (1965) who 
claimed that measurements of muon i n t e n s i t i e s under rock were 
i n a c c u r a t e , the r e s u l t s from experiments a t depths down to 
1500 m.w.e. under sea water and rock were d i s c u s s e d and i t was 
shown tha t there was no s i g n i f i c a n t d i f f e r e n c e between sea l e v e l 
muon s p e c t r a derived from i n t e n s i t y measurements under the two 
media. I t was f u r t h e r shown that comparable experiments a t depths 
i n the region of 4000 m.w.e. i n d i f f e r e n t media could give inform-
a t i o n on the value of b, the energy l o s s parameter. 
8.2 Neutrino-Induced Muons 
I t i s t h i s aspect of the experiment th a t has proved to 
be the most important i n terms of new developments i n the f i e l d s 
of cosmic r a y and high energy p h y s i c s . The unambiguous r e g i s t r a -
t i o n of a s i g n a l from neutrino-induced muons by two experimental 
teams usin g d i f f e r e n t techniques, one i n I n d i a and the other i n 
South A f r i c a , has opened up the p o s s i b i l i t y of a new experimental 
approach to the understanding of weak i n t e r a c t i o n s . The rock w a l l s 
e n c l o s i n g an underground detector provide an e f f e c t i v e t a r g e t 
t h i c k n e s s of many thousands of tons f o r high energy n e u t r i n o s , 
a condition that cannot be dup l i c a t e d a t present a c c e l e r a t o r s . 
I n a paper to be submitted to the Proceedings of the 
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P h y s i c a l S o c i e t y , C r a i g et a l . (1967) have extended the a n a l y s i s 
of the expected r a t e s and mean energies of the neutrino-induced 
muons through the KGF detectors to c o n s t r u c t the graph reproduced 
i n f i g u r e 8.1. As explained i n chapter 5» the instrumental 
i n t e n s i t y expected at the detectors depends on the energy a t which 
the r i s i n g i n e l a s t i c neutrino-nucleon c r o s s - s e c t i o n s a t u r a t e s and 
on the mass of the intermediate boson, i f i t e x i s t s . However the 
mean muon energy E(p. v) i s a l s o a function of the type and dominance 
of each i n t e r a c t i o n as can be seen from t a b l e 7.1» so t h a t i n 
p r i n c i p l e i t i s p o s s i b l e to separate the c o n t r i b u t i o n to the t o t a l 
muon r a t e of the i n e l a s t i c mode and the boson mediated mode, i f the 
mean muon energy can be determined. Curves r e p r e s e n t i n g d i f f e r e n t 
s a t u r a t i o n energies for the i n e l a s t i c c r o s s - s e c t i o n and masses 
for the intermediate boson, are drawn out and the shaded area 
r e p r e s e n t s the region i n which most of the detected muons are 
b e l i e v e d to l i e . The only i n d i c a t i o n of the muon energy to date 
i s t h a t from the electromagnetic i n t e r a c t i o n s of the muons which 
suggests th a t E ( u v ) l i e s between t h r e s h o l d and 30 GeV. 
The operation of the spectrographs w i l l help the i n t e r -
p r e t a t i o n c o n s i d e r a b l y , and i t i s p o s s i b l e that the a n a l y s i s of 
muon s c a t t e r i n g i n the lead absorber of the t e l e s c o p e s , which i s 
at present only i n the pr e l i m i n a r y s t a g e s , w i l l enable the upward 
t r a v e l l i n g muons to be d i s t i n g u i s h e d from the downward t r a v e l l i n g 
atmospheric muon background. T h i s a n a l y s i s assumes tha t an atmosph-
e r i c muon can only r a r e l y be expected to show any s c a t t e r i n g , 
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whereas neutrino-induced muons have a high l i k e l i h o o d of being 
s c a t t e r e d , s i n c e t h e i r mean energy i s thought to be l e s s than 
about 30 GeV. The d i f f i c u l t i e s a s s o c i a t e d with s c a t t e r i n g measure-
ments stem from the accuracy of the f l a s h tube alignment. I f the 
tubes are not a l l e x a c t l y p a r a l l e l , the back-front misalignment 
of one group of tubes can give r i s e to an apparent s c a t t e r i n g i f 
the p a r t i c l e passed through the backs of the tubes. 
Despite the u n c e r t a i n t y i n the value of the mean muon 
energy, some i n f e r e n c e s can be drawn from f i g u r e 8 . 1 . I t i s 
u n l i k e l y t h a t the i n e l a s t i c c r o s s - s e c t i o n s a t u r a t e s a t 10 GeV or 
j u s t above, s i n c e the data from a c c e l e r a t o r s i n d i c a t e s a r i s i n g 
c r o s s - s e c t i o n up to 10 GeV, and, i n t h i s c a s e, i t i s probable that 
the mass of the intermediate boson i s greater than about 2 . 5 GeV. 
I f there i s no boson mediated c o n t r i b u t i o n , the i n e l a s t i c c r o s s -
s e c t i o n appears to s a t u r a t e a t a few hundred GeV, and i f the boson 
c o n t r i b u t i o n i s s i g n i f i c a n t t h i s s a t u r a t i o n energy i s reduced to 
w e l l below 300 GeV, 
The i n i t i a l r e s u l t s are th e r e f o r e i n accord with expectation: the 
boson c o n t r i b u t i o n i s s m a l l i f not zero and the i n e l a s t i c c r o s s -
s e c t i o n does not continue to i n c r e a s e i n d e f i n i t e l y . However, i t 
has been pointed out by Lee ( p r i v a t e communication to A.W. 
Wolfendale) that the assumption of a constant energy taken by the 
muon i n an i n e l a s t i c i n t e r a c t i o n may not be v a l i d , i n which .case 
a continuously i n c r e a s i n g i n e l a s t i c c r o s s - s e c t i o n cannot be r u l e d 
out. 
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The p o s s i b i l i t y of d e t e c t i n g e x t r a - t e r r e s t i a l neutrino 
sources was d i s c u s s e d i n chapter 5» At present the s t a t i s t i c s 
are h a r d l y s i g n i f i c a n t , but i f an appreciable number of muons 
does prove t o come from a point source the con c l u s i o n s reached 
above w i l l have to be r e v i s e d . 
I t i s expected t h a t the neutrino experiments i n progress 
w i l l continue for s e v e r a l years s i n c e the i n i t i a l r e s u l t s have 
proved encouraging. The consquent improvement i n s t a t i s t i c s 
coupled with the greater s o p h i s t i c a t i o n of the more recent 
d e t e c t o r s o f f e r s hope that the outstanding problems w i l l be solved. 
Neutrino events i n detectors such as t e l e s c o p e s 3 to 5» capable 
of complete d e f i n i t i o n of the t r a c k s of s e v e r a l p a r t i c l e s , should 
e v e n t u a l l y enable a high minimum l i m i t to be put on the mass of 
the intermediate boson, although i t w i l l not be p o s s i b l e to 
demonstrate i t s non-existence. The energy a t which the i n e l a s t i c 
c r o s s - s e c t i o n s a t u r a t e s should become c l e a r , and the nature of the 
l a r g e electromagnetic showers, as w e l l as the apparent weak photon 
showers, may be e l u c i d a t e d . 
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Appendix A 
EVENT DATA. 
T h i s appendix covers t h e data on events t h a t o c c u r r e d i n 
th e f i v e KGF n e u t r i n o t e l e s c o p e s between 1st A p r i l 19&5 and 1st 
June 1967. The b a s i c data f o r each event i s l i s t e d i n t a b l e A . l . 
I n t h e t a b l e t h e s c i n t i l l a t o r elements t h a t gave s a t u r a t e d pulses 
are u n d e r l i n e d , where more t h a n one element per w a l l was t r i g g e r e d . 
The s c i n t i l l a t o r nomenclature i s i l l u s t a t e d i n f i g u r e 3.10. The 
f o l l o w i n g n o t a t i o n s a r e used: 
IST = I n d i a n s t a n d a r d t i m e 
MST = mean s i d e r e a l t i m e 
OG = out of geometry, sh = shower eve n t . 
The angles quoted a r e known t o a p p r o x i m a t e l y + 1° u n l e s s o t h e r w i s e 
s t a t e d . F e a t u r e s o f t h e events not covered by t h e t a b l e a r e as 
f o l l o w s . 
Event 1 The neon f l a s h tube ( n f t ) t r a y s f o r t e l e s c o p e 2 were 
s t i l l under c o n s t r u c t i o n and o n l y s c i n t i l l a t o r i n f o r m a t i o n i s 
a v a i l a b l e f o r t h i s e v e n t . The event was unambiguously d i s t i n g u i s h e 
from a chance f o u r - f o l d c o i n c i d e n c e by t h e s i z e and p o s i t i o n o f 
the o s c i l l o s c o p e d i s p l a y p u l s e s as w e l l as by t h e s t a t i s t i c a l un-
l i k e l i h o o d of a chance c o i n c i d e n c e . The p.z.a. i s > 39° from t h e 
s c i n t i l l a t o r d a t a . 
Event 2 A s i n g l e t r a c k . The c e n t r e n f t a r r a y was n o t i n s t a l l e d 
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i n t e l e s c o p e l . a t t h i s t i m e . 
Event 3 A s i n g l e t r a c k . Only t h e c e n t r e n f t a r r a y was p r e s e n t 
i n t e l e s c o p e 2. 
Event 4 T h i s event has been d i s c u s s e d a t l e n g t h by Achar et a l . 
(1965d). ( F i g u r e A . l ) . The two t r a c k s appear t o d i v e r g e from a 
p o i n t t h a t c o u l d be c l o s e t o t h e s u r f a c e o f t h e s o u t h e r n r o c k w a l l 
or up t o 1 metre i n s i d e i t i n t h e p r o j e c t e d p l a n e . The t r a c k s 
d i v e r g e a t an a n g l e of 3° +. 1°» t r a c k 'a' p a s s i n g t h r o u g h 10 
r a d i a t i o n l e n g t h s of l e a d w i t h o u t i n t e r a c t i o n and t r a c k 'b', 
presumably m i s s i n g t h e s o u t h e r n n f t a r r a y because of i t s i n c l i n a -
t i o n i n azimuth a n g l e , p a s s i n g t h r o u g h 5 r a d i a t i o n l e n g t h s . I t 
can be concluded t h a t b o t h t r a c k s are due t o e i t h e r a p i o n or a 
muon. I t i s p o s s i b l e t h a t t h e p o i n t of o r i g i n l i e s i n t h e n o r t h -
ern r o c k w a l l , e i t h e r or b o t h of t h e p a r t i c l e s h a v i n g been s c a t t e r -
ed by a t o t a l of 3°» however t h e absence of f u r t h e r s c a t t e r i n g i n 
th e l e a d reduces t h i s p r o b a b i l i t y . The s i m p l e s t e x p l a n a t i o n i s 
t h a t t h i s event i s a t t r i b u t a b l e t o an i n e l a s t i c n e u t r i n o i n t e r -
a c t i o n , t h e two p a r t i c l e s b e i n g a ir.uon and a p i o n , but i s i s a l s o 
p o s s i b l e t h a t b o t h are muons observed as a r e s u l t of t h e c r e a t i o n 
of an i n t e r m e d i a t e boson i n t h e i n t e r a c t i o n . 
Event 5 A s i n g l e t r a c k . 
Event 6 A near v e r t i c a l t r a c k t h a t i s out of geometry. The S I 
s c i n t i l l a t o r was t r a v e r s e d by a muon and one of t h e knock-on 
F i g u r e A , l 
TELESCOPE 8 2ENITH 
4th EVENT 
USOHr SOUTH NORTH 
CENTRE PLASTIC PLASTIC LINE SCINTILLATORS SCINTILLATORS 2 5cm 1 
99 ±03 ^ 
TRACK a 
(0 8cm 
ORIGIN 
TRACK b 
164 TO 
>f—270cm 
TO ORIGIN 
175 cm is— D O * S a n 55 1 1 BOTTOM 
Event no. Only the bottom t h i r d of telescope 2 
i s i l l u s t r a t e d . As i n d i c a t e d i n the f i g u r e , the meeting 
point i s probably duet i n s i d e the rock w a l l . 
e l e c t r o n s c a u s i n g t h e c o i n c i d e n c e between S I and N6 can be seen 
i n t h e n o r t h n f t a r r a y . 
Event 7 A p e n e t r a t i n g t r a c k w i t h a s i n g l e knock-on e l e c t r o n 
from t h e s c i n t i l l a t o r v i s i b l e i n t h e n o r t h n f t a r r a y i n d i c a t i n g 
a downward moving p a r t i c l e . 
Event 8 A p e n e t r a t i n g t r a c k w i t h two knock-on e l e c t r o n s from 
t h e l e a d v i s i b l e i n t h e c e n t r e n f t a r r a y w i t h a 8-ray produced 
i n t h e same t r a y . There i s some evidence f o r a s m a l l a n g l e o f 
s c a t t e r i n t h e s o u t h e r n l e a d w a l l . A downward moving p a r t i c l e . 
Event 9 A p e n e t r a t i n g t r a c k t h a t produced a l a r g e e l e c t r o n 
shower (73 f l . ) i n t h e n o r t h l e a d w a l l . I t i s p o s s i b l e t h a t 
t h i s event i s out of geometry, t h e e l e c t r o n shower c a u s i n g the 
c o i n c i d e n c e i n M l . A downward moving p a r t i c l e . 
Event 10 An 0G e v e n t , t h e s i n g l e t r a c k v i s i b l e missed t h e 
s o u t h s c i n t i l l a t o r w a l l : presumably a knock-on from t h e r o c k 
caused t h e c o i n c i d e n c e . P r o b a b l y a downward moving p a r t i c l e 
t h a t p o s s i b l y undergoes s m a l l a n gle s c a t t e r i n g i n t h e n o r t h 
l e a d w a l l . No s c i n t i l l a t o r data a v a i l a b l e . 
Event 11 A s i n g l e p e n e t r a t i n g t r a c k w i t h a s i n g l e knock-on 
from t h e s o u t h l e a d w a l l . P r o b a b l y downward moving. 
Event 12 A s i n g l e p e n e t r a t i n g t r a c k t h a t missed t h e s o u t h 
s c i n t i l l a t o r w a l l , a l a r g e e l e c t r o n shower t h a t can be seen 
coming from t h e r o c k c a u s i n g t h e c o i n c i d e n c e . A low energy 
13^ 
knock-on e l e c t r o n from t h e s o u t h l e a d w a l l v i s i b l e i n t h e c e n t r e 
n f t a r r a y . 
Event I g A v e r y l a r g e e l e c t r o n shower coming from t h e s o u t h 
r o c k w a l l . From t h e o s c i l l o s c o p e data a l a r g e amount o f energy 
was d e p o s i t e d i n a l l s i x s c i n t i l l a t o r s on t h e s o u t h s i d e o f 
t e l e s c o p e 2, as w e l l as s m a l l e r amounts i n f i v e of t h e n o r t h w a l l 
s c i n t i l l a t o r s . Pulses were a l s o r e c o r d e d from t e l e s c o p e 1 a l t h o u g h 
fev; f l a s h tubes f i r e d . Almost a l l t h e n f t s i n t e l e s c o p e 2 s o u t h 
a r r a y f i r e d , i n d i c a t i n g a shower energy of s e v e r a l hundred GeV. 
!i o c l e a r p e n e t r a t i n g t r a c k t h a t c o u l d d e f i n a t e l y be a s c r i b e d t o 
muon c o u l d be seen, though i t i s p o s s i b l e t h a t a p a r t i c l e d i d 
t r a v e r s e t h e w i d t h of t h e t e l e s c o p e . From t h e few s h o r t t r a c k s 
i n t h e c e n t r e and n o r t h a r r a y s t h e p a r t i c l e i n i t i a t i n g t h e 
shower was e s t i m a t e d t o be t r a v e l l i n g i n a near h o r i z o n t a l d i r -
e c t i o n a t an a n g l e of about ^0° t o t h e l i n e of t h e t e l e s c o p e s . 
Event Ik A p e n e t r a t i n g t r a c k w i t h an e l e c t r o n shower v i s i b l e 
i n t h e c e n t r e n f t a r r a y coining from t h e n o r t h l e a d w a l l . (27 f l . ) 
A f u r t h e r s m a l l shower i s v i s i b l e i n t h e s o u t h n f t a r r a y . (18 f l . ) 
A downward moving p a r t i c l e . 
Event 13 A s i n g l e t r a c k . 
Event 16 A s i n g l e t r a c k . No f l a s h e s a r e v i s i b l e i n t h e n o r t h 
n f t a r r a y . T h i s may be an out of geometry e v e n t , but i t i s 
d i f f i c u l t t o be c e r t a i n as t h e p h o t o g r a p h i c t e c h n i q u e was poor. 
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Event 17 There i s no n f t da t a f o r t h i s ' e v e n t ' . Subsequent 
a n a l y s i s of t h e o s c i l l o s c o p e p u l s e s i n d i c a t e d t h a t t h i s was p r o b -
a b l y a chance f o u r - f o l d c o i n c i d e n c e , t h e t w o - f o l d r a t e s h a v i n g 
been i n c r e a s e d c o n s i d e r a b l y s i n c e event 1 was r e c o r d e d . 
Event 18 A s i n g l e t r a c k w i t h an a d d i t i o n a l s h o r t t r a c k i n the 
s o u t h a r r a y . T h i s c o u l d be a knock-on e l e c t r o n from t h e s o u t h 
l e a d w a l l , t h e p a r t i c l e moving upwards. There i s some s l i g h t 
evidence f o r s m a l l angle s c a t t e r i n g i n t h e s o u t h l e a d w a l l . 
Event 19 A p e n e t r a t i n g t r a c k i n d i c a t i n g a downward moving p a r -
t i c l e t h a t knocked-on two e l e c t r o n s from t h e n o r t h l e a d w a l l and 
p o s s i b l y one low energy e l e c t r o n from t h e s o u t h l e a d w a l l , ho 
o s c i l l o s c o p e data a v a i l a b l e . 
Event 20 A p e n e t r a t i n g t r a c k w i t h one knock-on e l e c t r o n from t h e 
n o r t h l e a d w a l l v i s i b l e i n t h e c e n t r e n f t a r r a y i n d i c a t i n g a down-
ward moving p a r t i c l e . 
Event 21 No c l e a r p e n e t r a t i n g t r a c k . The c o i n c i d e n c e appears 
t o have been caused by a medium s i z e d e l e c t r o n shower generated 
i n t h e r o c k c e i l i n g , t h e d i r e c t i o n of p r o p a g a t i o n of t h e shower 
b e i n g c l o s e t o t h e v e r t i c a l . There a r e s e v e r a l w i d e l y spaced 
p a i r s of f l a s h tubes t h a t f i r e d , p o s s i b l y caused by e l e c t r o n s 
g e n erated by photons i n t h e n f t a r r a y s . 
Event 22 A s i n g l e p e n e t r a t i n g t r a c k w i t h a low energy knock-on 
e l e c t r o n i n two of t h e f i v e n f t a r r a y s . A downward moving p a r t i c l e . 
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Event 23 A s i n g l e p e n e t r a t i n g t r a c k . No o s c i l l o s c o p e data 
a v a i l a b l e . Some evidence f o r s c a t t e r i n g i n t h e n o r t h l e a d w a l l . 
Event 2^ A medium s i z e d e l e c t r o n shower i n t h e s o u t h n f t a r r a y . 
No evidence o f a p e n e t r a t i n g t r a c k . The d i r e c t i o n of t h e shower 
i s d i f f i c u l t t o d e t e r m i n e , b u t i t was p r o b a b l y t r a v e l l i n g a t >50° 
t o t h e z e n i t h . 
Event 25 A s i n g l e p e n e t r a t i n g t r a c k w i t h a p o s s i b l e low energy 
knock-on e l e c t r o n i n t h e s o u t h n f t a r r a y from t h e s o u t h l e a d w a l l . 
P r o b a b l y downward moving. 
Event 26 A s i n g l e p e n e t r a t i n g ; t r a c k w i t h a knock-on e l e c t r o n 
coming from t h e n o r t h l e a d w a l l . The u n u s u a l l y l a r g e number of 
s i n g l e tubes t h a t f i r e d i n a d d i t i o n t o t h e main t r a c k s may i n d i c a t e 
t h e presence of a weak photon shower. P r o b a b l y downward moving. 
Event 27 A s i n g l e p e n e t r a t i n g t r a c k w i t h , p o s s i b l y , two S-rays 
generated i n t h e sou t h n f t a r r a y i n d i c a t i n g a downward moving 
p a r t i c l e . 
Event 28 An OG ev e n t . A near v e r t i c a l t r a c k i s v i s i b l e , w i t h 
a knock-on e l e c t r o n , i n t h e n o r t h h o r i z o n t a l n f t a r r a y . 
Event 29 T h i s event c o n s i s t s of t h r e e main t r a c k s . ( F i g u r e A.2). 
The near h o r i z o n t a l t r a c k i s a p e n e t r a t i n g p a r t i c l e assumed t o be 
a muon, a l t h o u g h i t c o u l d be a p i o n . The two a d d i t i o n a l s h o r t e r 
t r a d e s appear t o converge on t h e c e n t r a l t r a c k a t a d i s t a n c e of 
60 cm from t h e s o u t h s c i n t i l l a t o r w a l l i n t h e p r o j e c t e d p l a n e . 
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The upper t r a c k passes out of t h e t o p of t h e t e l e s c o p e , p o s s i b l y 
g e n e r a t i n g t h e two low energy knock-on e l e c t r o n s t h a t a r e v i s i b l e , 
t h e lower t r a c k i s stopped i n t h e s o u t h l e a d w a l l w i t h two s h o r t 
t r a c k s nearby, p o s s i b l y low energy knock-on e l e c t r o n s . The 
i n t e r p r e t a t i o n i s t h e same as t h a t f o r event k. An i n e l a s t i c 
n e u t r i n o i n t e r a c t i o n , p o s s i b l y t a k i n g p l a c e w i t h i n an i r o n p i l l a r 
a t 60 cm from t h e so u t h s c i n t i l l a t o r w a l l , gave r i s e t o a rauon 
and a p i o n and one o t h e r p a r t i c l e . T h i s event c o u l d a l s o be 
a s c r i b e d t o t h e c r e a t i o n of a W, th e upper t r a c k b e i n g a muon as 
w e l l as t h e c e n t r e t r a c k . 
Event 3Q A p e n e t r a t i n g t r a c k t h a t passed t h r o u g h t e l e s c o p e s 
k and 5* No v i s i b l e accompaniment. 
Event 31 A s i n g l e p e n e t r a t i n g t r a c k showing evidence of s m a l l 
angle s c a t t e r i n g i n t h e n o r t h l e a d w a l l . T h i s t r a c k c o u l d be 
out of geometry because of t h e s c a t t e r i n g of t h e p a r t i c l e , 
presumably t h e coincidence;would t h e n be caused by an unobserved 
knock-on e l e c t r o n from t h e r o c k . 
Event 32 T h i s event ( f i g u r e A.3) shows s e v e r a l t r a d e s . The 
lower t r a c k i s most p r o b a b l y a muon which produces a l a r g e shower 
(52 f l . ) i n t h e s o u t h l e a d w a l l , v i s i b l e i n t h e so u t h n f t a r r a y . 
The upper t r a c k s c o u l d be caused by a p i o n , accompanied by an 
e l e c t r o n from t h e r o c k , knocking-on an e l e c t r o n from t h e n o r t h 
l e a d w a l l and s t o p p i n g i n t h e so u t h l e a d w a l l ; or by a muon w i t h 
t h e same accompaniment which passed out of t h e t e l e s c o p e m i s s i n g 
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P R O J . A. A. 
17°W o f N t o 83°E o f N 
D I R E C T I O N 
Downwards 
DATE 
Day Month Year 
k 9 66 
T I M E I.S.T. 
05-5^ 
T I M E MS.T. 
04.28 
South C.R.O. 
F i g u r e A.3 
138 
t h e s o u t h r i f t a r r a y . A l t e r n a t i v e l y , t h e r e c o u l d be two se p a r a t e 
p i o n s , b o t h p e n e t r a t i n g the n o r t h l e a d w a l l , one under g o i n g 
s c a t t e r i n g . Because of the low p.z.a. and t h e e n e r g e t i c shower 
i n t h e s o u t h a r r a y t h i s i s most p r o b a b l y an atmospheric muon 
eve n t . 
Event 33 A s i n g l e p e n e t r a t i n g t r a c k accompanied by p o s s i b l y two 
e l e c t r o n s from t h e r o c k c e i l i n g . A low energy e l e c t r o n i s knocked-
on from t h e i n n e r n o r t h i r o n w a l l , and p o s s i b l y one i s a l s o knock-
ed-on from t h e s o u t h i r o n w a l l . A downward moving p a r t i c l e t h a t i s 
out o f geometry. 
Event 3^ A s i n g l e p e n e t r a t i n g t r a c k showing some evidence o f 
s m a l l angle s c a t t e r i n g i n one of t h e l e a d w a l l s . 
Event 33 A s i n g l e p e n e t r a t i n g t r a c k showing some evidence of 
s m a l l angle s c a t t e r i n g i n t h e s o u t h l e a d w a l l . A knock-on e l e c t r o n 
i n t h e n o r t h n f t a r r a y c o u l d be from t h e r o c k i f t h e p a r t i c l e i s 
downward moving, or from the n o r t h l e a d w a l l i f upward moving, t h e 
l a t t e r b e i n g perhaps t h e more l i k e l y . 
Event J>6 A s i n g l e p e n e t r a t i n g t r a c k t h a t appears t o undergo 
l a r g e angle s c a t t e r i n g as a r e s u l t of i t s t r a v e r s a l of t h e f o u r 
i r o n w a l l s . The p a r t i c l e missed t h e c e n t r e n f t a r r a y . 
Event 37 A s i n g l e p e n e t r a t i n g t r a c k . 
Event 38 A s i n g l e p e n e t r a t i n g t r a c k t h a t undergoes s m a l l angle 
s c a t t e r i n g i n t h e s o u t h l e a d w a l l . A low energy knock-on e l e c t r o n 
139 
from t h e s o u t h l e a d w a l l i s v i s i b l e . P r o b a b l y a downward moving 
p a r t i c l e . 
Event 39 A s i n g l e p e n e t r a t i n g downward moving p a r t i c l e p r o d u c i n g 
a s m a l l e l e c t r o n shower i n t h e i n n e r s o u t h i r o n w a l l . ( F i g u r e A . k ) . 
Event ho A s i n g l e p e n e t r a t i n g t r a c k . 
Event hi A s i n g l e p e n e t r a t i n g t r a c k w i t h a s m a l l e l e c t r o n 
shower (17 i ' l . ) i n t h e c e n t r e n f t a r r a y f r o m t h e n o r t h l e a d w a l l , 
a f u r t h e r development of t h i s shower (k^> f l . ) b e i n g observed i n 
t h e s o u t h n f t a r r a y . A downward moving p a r t i c l e . 
Event h2 A s i n g l e p e n e t r a t i n g t r a c k t h a t i s out of geometry, 
t h e c o i n c i d e n c e b e i n g caused by c o n s i d e r a b l e energy d e p o s i t i o n 
i n t h e S6 s c i n t i l l a t o r , t h e p a r t i c l e p a s s i n g t h r o u g h t h e hT5 s c i n t -
i l l a t o r . Presumably t h e r e was c o n s i d e r a b l e accompaniment from t h e 
r o c k . 
Event ^3 A s i n g l e , near h o r i z o n t a l t r a c k w i t h s e v e r a l o t h e r 
s h o r t t r a c k s v i s i b l e i n t h e lower h a l f of t h e t e l e s c o p e . ( F i g . A.5) 
The p e n e t r a t i n g t r a c k d i d not produce any accompaniment i n i t s 
passage t h r o u g h t h e t e l e s c o p e except f o r one, p o s s i b l e , knock-on 
e l e c t r o n . The a s s o c i a t e d t r a c k s c o u l d be two p i o n s , each p e n e t r a t -
i n g one l e a d w a l l and t h e h i g h number o f random f l a s h e s c o u l d be 
due t o a photon shower. T h i s event i s p r o b a b l y due t o an i n e l a s t i c 
n e u t r i n o i n t e r a c t i o n . 
Event hk A s i n g l e p e n e t r a t i n g t r a c k . 
T E L E S C O P E E V E N T NO T Y P E 
39 I I 
RUN NO DIRECTION S C I N T I L L A T O R S 
N 1 Downwards 462 
Q Q S O U T H CR.O . N O R T H C R O 
AZIMUTH A N G L E : 23 W o f N SPATIAL ZENITH A N G L E : 48 
X FT X 7 \ X \ / X X X X X X X X X X X X X X X X X X X / X X X X X X X X X X X X X X X X 71 X X X X X X X X \ X X X X X X X X X X X F i g u r e A.4a X X X X X X X X X X X X X N 
DATE 
day month year 
18 12 66 
TIME I S T. 
03.50 
TIME MS.T. 
09 .17 
TOTAL RUNNING TIME FOR T E L E S C O P E S 3 . 4 & 5 - ARRAY HOURS 15,001 
P R O J E C T E D ZENITH A N G L E ^5* 
AZIMUTH A N G L E 23°W of K SPATIAL ZENITH A N G L E if8C 
F U 
F i g u r e A.^b 
EVENT NO. 
*3 
T Y P E 
I 
T E L E S C O P E 
1 
SCINTILLATORS 
N S 
5 1 ,2 ,2 , 
4 
TOTAL RUNNING ^ 
TIME FOR BOTH 
TELESCOPES 
» . 
Array Hours 
21795-59 
RUN NO. 
5 0 1 
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5 ° - 3?=€ 
N 
M 
-
M 
•: : 
53 — FEW 
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PROJ. Z. A. 
8 5 . 5 ° ± 1 ° 
PROJ. A. A. 
8 j ° E o f S t o 30°W of 
DIRECTION 
Upwards? 
DATE 
Day Month Year 
5 2 67 
TIME I.S.T. 
2 2 . 4 1 
TIME MSJ. 
07 .25 
© 
South C.R.O. 
F i g u r e A . 5 
3 N 
iko 
Event 43 A s i n g l e p e n e t r a t i n g t r a c k . No s c i n t i l l a t o r i n f o r m a t i o n 
i s a v a i l a b l e . 
Even t k6 A s i n g l e p e n e t r a t i n g t r a c k . 
A breakdown o f these even t s i s shown i n t a b l e A . 2 . 
I n a d d i t i o n t o t h e even ts m e n t i o n e d above , t h r e e f o u r f o l d 
c o i n c i d e n c e s were r e c o r d e d , 2^A, 32A and , t h a t showed ev idence 
o f p a r t i c l e t r a c k s or an abnormal number o f s p u r i o u s f l a s h e s . I n 
no case was a p e n e t r a t i n g p a r t i c l e seen , and t h e s h o r t t r a c k s were 
t e n t a t i v e l y a s c r i b e d t o e l e c t r o n s . 2^A o c c u r r e d i n t e l e s c o p e 5 
and shows a t r a c k i n b o t h t h e a z i m u t h ( v e r t i c a l l y o r i e n t a t e d ) n f t 
a.rrays , b u t no t r a c k s i n t h e t h r e e z e n i t h ( h o r i z o n t a l l y o r i e n t a t e d ) 
a r r a y s . T h i s does n o t seem t o have been due t o i n s t r u m e n t f a i l u r e . 
Even t 32A, a c o i n c i d e n c e between t h e NJ ( t e l . 4 ) and S2 ( t e l . 5) 
s c i n t i l l a t o r s shows o n l y one d e f i n i t e t r a c k i n one o f t h e n f t a r r a y s , 
b u t t h e r e i s an u n u s u a l l y h i g h number o f e x t r a s i n g l e f l a s h e s , 
i n d i c a t i n g t h a t t h e event may be avweak p h o t o n shower . A s i m i l a r 
e x p l a n a t i o n i s p o s s i b l e f o r even t h^k s i n c e , a g a i n , t h e r e was an 
a b n o r m a l l y h i g h number o f spurious f l a s h e s . 
I n g e n e r a l v e r y few d o u b t f u l even t s were r e c o r d e d , even 
t h o u g h t h e s e t t i n g o f t h e a m p l i f i e r ga in s and b i a s e s was a d j u s t e d 
so t h a t t h e r e was a chance f o u r f o l d c o i n c i d e n c e a p p r o x i m a t e l y eve ry 
300 t e l e s c o p e - h o u r s . 
T a b l e A . l 
Even t s Recorded by t h e KGF N e u t r i n o Te l e scopes ( 1 / 4 / 6 5 t o 1 / 6 / 6 7 ) 
Even t Date Time T e l e - S c i n t i l l a t o r s P . z . a . Comments 
N o . IST MST scope degrees 
1 5 / V 6 5 20 .04 08 .38 2 N 4 , S4 > 3 9 no n f t 
2 2 7 / 4 / 6 5 18 .26 08 .30 1 N l , S I 
N 6 , S6 
48 
3 2 5 / 5 / 6 5 20 .03 11 .58 2 75 + 15 
4 3 / 7 / 6 5 1 2 . 3 0 06 .57 2 N l , S I 96 .2 + 0 . 8 
9 9 . 2 + 0 . 3 
5 1 3 / 7 / 6 5 16 .13 1 1 . 2 1 2 N 4 , S356 45 ~ 
6 1 8 / 7 / 6 5 0 2 . 5 2 22 .15 1 N 3 6 , S12 8.5 OG 
7 2 4 / 7 / 6 5 11 .47 07 . 37 2 N 6 , S3 3 7 . 5 
8 2 7 / 7 / 6 5 0 3 . 2 4 23 .23 1 N 6 , S3 29 .5 
9 2 9 / 7 / 6 5 19 .07 15 .18 2 N l , S3 32 .5 
10 1 /8 /65 21 .00 17 .23 1 - 25 OG 1 1 2 / 8 / 6 5 03 .38 0 0 . 0 2 1 N 6 , S4 47 
12 H / 8 / 6 5 17-37 14 .38 1 N 4 , S5 
N12456, S a l l 
33 OG 
13 1 2 / 8 / 6 5 11 .38 08 .43 2 near 
1 N124T, S 1 2 4 T h o r i z o n t a l sh 
14 W 6 5 02 .22 0 1 . 1 2 2 H 5 , S13 21 
15 1 0 / 9 / 6 5 0 8 . 2 0 07 .15 1 N 6 , S3 26 .5 
16 1 3 / 1 0 / 6 5 1 2 . 1 4 13 .23 1 K 3 , s i 40 
18 2 6 / 1 / 6 6 O3.38 1 1 . 4 0 1 N 4 , S5 36 
19 2 7 / 1 / 6 6 02 .23 1 0 . 2 9 1 - 33 
20 5 / 2 / 6 6 04 .28 1 3 . 1 0 2 H 6 , 3 4 
N246 , S5 
5 1 . 5 
21 1 V 3 / 6 6 0 6 . 0 2 17 .09 1 near v e r t . sh ,0G 
22 9 / 5 / 6 6 1 3 . 3 1 0 4 . 2 1 5 N 3 , 3 1 46 ( s . z . a . ) 
23 9 / 5 / 6 6 17 .42 08 .33 2 - 4 4 . 5 
24 2 5 / 5 / 6 6 0 0 . 0 1 15 .52 1 N 4 , S135 **50 J sh.OG 
25 9 / 6 / 6 6 12 .47 0 5 . 3 9 2 N 3 , S I 44 
26 1 6 / 6 / 6 6 18 .32 11 .52 2 N 2 , S45 19 .5 
27 2 7 / 6 / 6 6 16 .06 10 .09 2 114, s6 kj> 
28 2 9 / 6 / 6 6 21 .06 15 .18 3 N 3 , S3 
N 1 3 4 , S1245 
10 OG 
29 2 9 / 6 / 6 6 22 .15 16 .27 1 83 .5 
30 1 8 / 7 / 6 6 20.37 16 .04 4-5 N1 ,~S1 72 ( s . z . a . ) 
3 1 6 / 8 / 6 6 16 .33 1 3 . 1 ^ 2 N 6 , S13 21 + 4 
32 4 / 9 / 6 6 05 .54 04 .28 1 N 23456 , S13 26 
33 1 7 / 1 0 / 6 6 02.17 03 .40 5 N 4 , S2 34 ( s . z . a . ) OG 
Z>k 3 1 / 1 0 / 6 6 19 .28 21 .49 1 N 4 6 , S2 3 1 
35 1 /11 /66 08 .32 IO .55 1 N 3 5 , S I 27 
36 1 3 / 1 1 / 6 6 22 .20 0 1 . 3 2 5 K 2 , S4 74 ( s . z . a . ) 
37 2 0 / 1 1 / 6 6 20 .40 0 0 . 2 0 2 N 2 , S6 19 
38 1 5 / 1 2 / 6 6 09 .45 1 5 . 0 2 2 N o , S I 19 
39 1 8 / 1 2 / 6 6 0 3 . 5 0 09 .17 4 N l , S3 48 ( s . z . a . ) 
40 2 9 / 1 2 / 6 6 01.57 08 .08 2 N 6 , S4 36 
T a b l e A . l ( c o n t . ) 
Even t Date Time T e l e -
N o . IST MST scope 
4 l 8 / 1 / 6 7 23-55 06 .49 1 
42 1 6 / 1 / 6 7 2 2 . 2 1 05 .46 1 
^ 5 / 2 / 6 7 2 2 . 4 1 07 .25 1 
44 1 0 / 4 / 6 7 20 .36 09 .32 1 
4 5 2 0 / 4 / 6 7 0 2 . 4 1 16 .17 1 
he 4 / 5 / 6 7 0 1 . 0 1 15 .28 2 
S c i n t i l l a t o r s P . z . a . Comments 
degrees 
N 2 , S1246 44 
N 5 , S 4 £ 18 OG 
N 3 , S1234 85 .5 + 0.5 
N 5 , S I 29 
36 
N 2 , S5 20 
T a b l e A . 2 
Breakdown o f E v e n t s . 
Type T e l e s c o p e 
1 2 3 , 4 and 5 
I n geometry {3 < 6 0 ° 
( i n c l . event n o . 1) 
Shower even t s ( w i t h no 
o b v i o u s p e n e t r a t i n g p t l e . ) 
13 15 2 
I n geomet ry p > 6 0 ° 2 2 2 
Out o f geometry 4 2 
2 1 
(Weak p h o t o n showers?) ( 1 ) - ( 1 ) 
